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Chapter 1 

Introduction 

Photovoltaic power systems continue to be the most commonly used means of meeting 

power needs for both DoD and commercial satellites. In the past, most systems operated at 

low voltage levels, typically -28 volts. Driven by higher power requirements, several current 

spacecraft designs now utilize a somewhat higher bus voltage, with the Lockheed-Martin 

A2100 and Hughes HS601 satellites using -33V and -51V bus voltages, respectively95- 6. 

Future space missions, however, will have higher power requirements than current systems, 

with power levels of lOkW to 1MW needed. To meet these requirements, either high current 

or high voltage systems can be used. The use of high current is undesirable for two reasons. 

First, high current systems require more massive power distribution cables, increasing the 

mass of the spacecraft. And second, high current results in higher resistive losses during the 

power transmission. Thus, high voltage power generation and transmission at low currents 

is desirable. For example, the Space Station design calls for power to be provided by high 

voltage solar cells operating at -160V. Here, the term high voltage means that the absolute 

value of the bias voltage is on the order of 100V to 1000V. In this work, when discussing 

negative bias voltages, "low" and "high" voltage refers to the magnitude of the voltage. 

A schematic of a conventional geometry solar cell is shown in Figure 1. The solar 

cell semi-conductor is protected by a coverglass glued to the top surface. This coverglass 

is used primarily to protect the cell from the radiation environment. The semiconductor 

itself is composed of two parts: an n-type semiconductor and a p-type semiconductor. A 

current path is set up between the cells by the use of metal interconnectors from the n-type 

semiconductor on one cell to the p-type semiconductors of the neighboring cells. Series 

of solar cells are used to achieve the desired voltage levels and cells connected in parallel 

give the desired current levels. The conductive interconnects between the cells are exposed 



to the ambient environment.  When the array is generating power, a sheath forms on the 

interconnects, which expands into space and interacts with the ambient plasma. 

Figure 1: Schematic of a Conventional Solar Cell 

The interactions between the high voltage solar arrays and the ambient plasma envi- 

ronment can be strong and could greatly affect the operation of the spacecraft. The steady 

state current collected by the solar arrays from the plasma must obey the zero net current 

condition, given by the steady state solution of 

dp 
dt 

+ v-i = o, (1) 

which is derived from Gauss' and Ampere's Law. This causes part of the array to float 

positive with respect to the plasma, and thus collect electrons, and the rest to float negative 

and collect ions. Because electrons have a much higher mobility than the ions, the electron 

flux is higher than the ion flux. This causes most of the array to float negative with respect 

to the plasma in order to satisfy the zero net current condition. 

High voltage solar arrays have been found to interact with the ambient space plasma 

environment in several manners, including current leakage98, arc discharges40- 93, and en- 

hanced drag due to Coulomb collisions36. For positively biased arrays, the current collection 



can become anomalously large, known as "snap-over". This can result in a significant leak- 

age power loss. For large negative voltages, arc discharges have been found to occur. An arc 

is typically defined as a sudden current pulse up to the order of an ampere on a timescale 

of a microsecond or less. The current pulse is often accompanied by a spot of light at the 

edge of the coverglass, which may interfere with optical systems24. Arcing can also result in 

electromagnetic interference and solar cell damage, thus degrading the operation of both the 

power subsystem and the spacecraft as a whole. If the EMI generated by the arc couples to 

the spacecraft power system, it could become significant enough to disrupt communications 

between spacecraft, or between spacecraft and telerobotic systems24. 

1.1    Background 

1.1.1    Ground-Based Experiments 

Arcing on high voltage solar arrays has been observed in both ground and space experiments. 

It was first observed in 1971 by Herron et al.40 during plasma chamber tests of solar arrays 

biased between ±16kV. During the tests, arcing was found to occur at bias voltages as 

low as -6kV with a plasma density of 108m~3. Several ground tests examined the role 

of a dielectric on a conductor in arcing. Miller61 confirmed arcing on dielectric-conductor 

systems. Kuninaka50 tested two tungsten samples. One sample was bare and did not arc 

down to -3kV. The second plate was partially covered by 1mm thick boron-nitride. This 

sample arced at -lkV. Another set of tests was conducted by Fujii et al.28. These tests 

consisted of biasing three metal samples to high voltages. One of the metal samples was 

bare and only showed arcing at -lkV, with arcs occurring to the substrate. The two other 

samples were partially covered with 200fim thick fused silica, representative of solar array 

coverglass. These samples showed arcing at the metal/coverglass interface at -450V. 

The effect of an arc on the coverglass surface potential was examined by Snyder88, who 

found that the potential dropped from near the plasma potential before the arc to on the 

order of a hundred volts after the arc. This implies that a negative discharge wave is created 



by the arc which removes the positive charge accumulated on the surface. 

Two separate experiments observed electron emission from solar arrays that could not 

be accounted for by the ambient plasma. In an experiment by Snyder et al.90, a grounded 

probe measured a flowing current well after the plasma source was turned off, indicating 

electron flow from the array. Inouye and Chaky47 found that the current from the solar 

array was greater than that which, could be due to photoemission. 

In an experiment by Kuninaka51, luminosity was observed during arc discharges. This 

luminosity is believed to be due to collisions between electrons emitted from the conductor 

and neutral gas desorbed from the dielectric. The UV spectrum emitted during arcing was 

measured by Upschulte et al." and was found to show a strong OH spectrum, indicating 

that water molecules are among those desorbed from the dielectric and ionized by the 

electron current. 

The electromagnetic waves generated by arc currents were examined by Leung56, who 

found that the radiation pattern follows that of a dipole emission, so that the electric field, 

E, varies with distance as 

Ea^ (2) 

with n« 2 ~ 3. The amplitude of the electric field from an arc on a 20 pF solar array, at a 

distance of one meter, was five orders of magnitude above the allowable level for the space 

shuttle. Using Eq. (2), this gives a safe distance of on the order of 100 m between the arc 

site and sensitive electronics. Thus, for nearly all spacecraft, an arc anywhere on the solar 

arrays could affect electronic equipment operation. 

The duration of an arc is typically assumed to be on the order of a microsecond, based 

on an experiment by Upschulte et al.99. This experiment showed a correlation between the 

UV emission from the arc and the current measured in the circuit, which had a duration 

on the order of microseconds. This is in opposition to the theory by Stevens et al.94, who 

proposed a nanosecond duration for the arc, based on high frequency EM spectra measured 

by Leung56. Experiments by Snyder89 and Leung56 measured microsecond long arc currents, 

supporting the results of Upschulte et al.99. 



Several ground experiments measured the effect of operational, environmental, and ge- 

ometric parameters on the arc rate. Experiments by Kuninaka37' 50 found that the arc rate 

increases with voltage and plasma density, and decreases with temperature. Experiments 

by Grier30 and Miller61 also found an increase in arc rates with increasing voltage, and 

Miller's tests also found an increasing arc rate with plasma density. Upschulte et al. " 

observed that overhanging the coverglass 10-20/um over the adhesive substantially lowers 

the arc rate. In order to reduce arcing on solar arrays, a new cell design was created, known 

as the wrap-through-contact cell (see Figure 2). In this design, the metal interconnects are 

not exposed to the ambient plasma. Instead, the interconnects run underneath the cover- 

glass, down through a hole in the center of the cell, and then under a kapton substrate to 

the adjacent cell. However, the semiconductor is still exposed to the plasma, leading to a 

possible arcing site26. Leung56 found that wrap-through-contact cells did arc, although less 

frequently than conventional geometry cells. 
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Figure 2: Schematic of a Wrap-Through-Contact Solar Cell 

1.1.2    Flight Experiments 

The first Plasma Interactions Experiment (PIX)29, launched in 1978 as an auxiliary payload 

on Landsat 3's Delta rocket, verified the occurrence of arc discharges in the space environ- 

ment. The experiment resulted in four hours of data taken in a polar orbit at 920km, during 

which time a solar array consisting of twenty-four conventional 2cm x 2cm silicon solar cells 

were biased between ±1000 volts. The cells were found to arc at voltages greater than -750 



volts. 

A more extensive space experiment was conducted in 1983 aboard PIX II30, which was 

again launched as an auxiliary payload aboard a Delta launch vehicle into a 900km polar 

orbit. Approximately 18 hours of data were taken for an array consisting of 500 cells similar 

to those used in PIX I. During this experiment, arcing was found to occur for voltages as 

low as -255 volts. 

Interpretation of the PIX II data was hampered by unexpected tumbling of the space- 

craft, resulting in the Langmuir probe being placed in the wake during portions of the 

experiment, as well as by power supply shutdowns following arcs. The data from the PDC 

II flight and ground tests were studied by Ferguson25, who assumed that the arc rate was 

linearly proportional to the plasma density and found that the arc rate then followed a 

power law dependence on the bias voltage, given by 

«^^«.-»(-^»»(j^jf) (3) 

for the flight data, and 

i? = 1.82xlO-18(-VW5'51 (4) 

for the ground tests at high density, where Vuas is the bias voltage and ne is the plasma 

density in cubic centimeters. 

A more recent space experiment involving high voltage solar array interactions with 

the space plasma environment was conducted on the NASA Solar Array Module Plasma 

Interactions Experiment (SAMPIE), conducted aboard the Space Shuttle in March 1994. 

This experiment tested current collection and arcing characteristics of conventional and 

wrap-through-contact cells, as well as coupons which were geometrically identical to Cho's 

model system described in the next section, at bias voltages up to ±600^. This experiment 

found that the conventional geometry cells arced in the range of -400V, and that the wrap- 

through-contact cells exhibited a much lower arcing rate than the conventional cells. A 

detailed analysis of the SAMPIE flight data was conducted by Perez de la Cruz79- 80. 



1.1.3    Arcing Onset Models 

There have been three types of theoretical models proposed for the arcing onset mechanism. 

The first, proposed by Parks et al.78, based on previous work by Jongeward et al.48 attributes 

the arcing onset to the Malter effect57 at a thin dielectric layer on the conductor surface. 

The second model, by Thiemann and Schunk, proposes that arcing occurs at the cell side 

surface, due to secondary electron emission runaway on the Kapton substrate97. The third 

model, by Cho and Hastings13 based on previous work by Hastings et al.38, attributes the 

arc to a gas discharge in neutral gases desorbed from the dielectric surface. 

The model by Parks et al.78 consists of the following scenario: 

(1) A dielectric impurity layer is formed on the conductor surface. 

(2) Ions attracted to the negative bias of the conductor are accumulated on the dielectric 

layer and enhance the electric field in the layer. 

(3) Fowler-Nordheim field emission causes electrons to be emitted from the conductor into 

the dielectric. 

(4) The electrons emitted from the metal surface have ionization collisions while being 

accelerated within the dielectric, leaving positive charges behind as they are emitted from 

the dielectric-vacuum interface. 

(5) This remaining positive charge further enhances the electric field within the dielectric 

layer. 

(6) The resulting rate of change of the electric field in the insulating layer is given by 

e—^rEm-d - Ed-v) = ji + jm-deadädPd-v ~ jm-d, (5) 

where er is the dielectric constant of the insulating layer, Em-d is the electric field in the 

dielectric layer, Ed-V is the ambient electric field at the dielectric-vacuum interface, ji is 

the ion current density, ad is the ionization rate per unit distance inside the layer, dd is 

the dielectric layer thickness, Pd-V is the probability that the electrons are emitted from 

the dielectric-vacuum interface, and jm~d is the Fowler-Nordheim emission current at the 



metal-dielectric interface given by 

 B 
r>2   „   E. jm.d = AEfnse   E™-*, (6) 

where A and B are the Fowler-Nordheim emission coefficients given by 

1.54 x iQ-6104.52/y^; 

B = 6.53 x 109^5, (8) 

where <j>w is the work function of the metal in eV. 

If the factor eadddPd-v is greater than unity, a positive feedback mechanism is created 

at the metal-dielectric interface, leading to a runaway of the field and the emission current 

by increasing Em-d monotonically in time. 

The model by Thiemann and Schunk97 is based on computer simulations and ground 

experiments. In this model, the arc does not occur at the interconnector. Instead, the arc 

site is at the edge of the cell at the junction of the cell and Kapton substrate. In this model, 

ambient ions initially flow to the coverglass surface, producing secondary electron emission 

and further charging the coverglass, which changes the potential structure on the cell and 

thus alters the electric field structure in the vicinity. Ions also strike the Kapton and cell, 

producing secondary electrons. As the charging continues, ions are no longer able to reach 

the Kapton and are instead drawn to the cell. Secondary electrons released from the cell 

strike the Kapton and release secondary electrons, further charging the surface. Eventually, 

the secondary electron emission avalanches, which is believed to be the arc. It should be 

noted that in neither of these two models should the cell temperature greatly affect the 

arcing process, which was seen in the ground experiments by Kuninaka50. 

A third arcing onset mechanism was proposed by Cho and Hastings13, who studied the 

model system shown in Figure 3. This system was used to study the arc initiation process 

at the triple junction of the plasma, dielectric, and conductor. 

The resulting arcing onset mechanism, used in this research, can be summarized by the 
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Figure 3: Model of the Conventional Solar Array Used for Numerical Simulations 

following sequence, illustrated in Figure 4: 

(1) Ambient ions charge the dielectric (i.e. coverglass and adhesive) front surface, but 

leave the dielectric side surface uncharged. 

(2) As the front surface potential approaches zero relative to the plasma, a strong electric 

field of E=V/d (where V is the bias voltage and d is the dielectric thickness) is formed at 

the conductor surface, inducing pre-breakdown electron emission due to enhanced field 

electron emission (EFEE). Electrons are also released due to ion induced emission from 

ion bombardment of the conductor surface. 

(3) Some of the emitted electrons strike the dielectric side surface, inducing the release of 

secondary electrons and causing electron stimulated desorption of neutrals adsorbed on 

the dielectric surface. If the secondary electron yield is greater than unity, the side surface 

charges up positively, providing a positive feedback mechanism to further enhance the 

electric field at the conductor surface. 

(4) As the electric field increases, the electron emission current increases until it is limited 

by the negative space charge of the emitted electrons. 

(5) Once the neutral density becomes high enough, ionization begins due to collisions 

between electrons and neutrals. 

(6) If the neutral density is very high, Townsend breakdown occurs. Even if the density is 

not high enough for Townsend breakdown to occur, breakdown is still possible if the 

positive ion space charge can cancel the negative electron space charge and enhance the 

field at the conductor. 

(7) The arcing time is the minimum of the sum of the ion and EFEE charging times for all 

the emission sites on the conductor. 

(8) A discharge wave created by the arc resets the charging process at all of the emission 



sites within the area covered by the wave. 
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Figure 4: Arcing Sequence of a High Voltage Solar Array 

This model was produced through the use of computer particle-in-cell (PIC) and Monte 

Carlo (MC) simulations of the arc initiation process. These results were then used to develop 

analytical formulas for the ion charging time r^ and the enhanced field electron emission 

charging time refee. From this, a semi-analytic computer code was developed to predict the 

arc rates for high voltage solar arrays placed in a plasma environment. Subsequent work 

by Mong and Hastings62 used variations of the particle simulation and semi-analytic codes 

to explore the arcing characteristics of wrap-through-contact cells and to examine various 

arc mitigation techniques. In the model developed by Cho, the cell temperature is a critical 

factor in the arcing process, since the density of neutrals adsorbed on the dielectric side 
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surface is a strong function of the cell temperature. 

1.2    Overview of This Research 

As future spacecraft power demands increase, power system designers will need to consider 

the effect of arcing on the system. To do this, an understanding of the relationship between 

arcing and cell design, operational parameters and environmental variables needs to be 

understood. To help gather data for this, the Air Force launched the Advanced Photovoltaic 

and Electronics Experiment (APEX) satellite, containing the Photovoltaic Array Space 

Power Plus Diagnostics (PASP Plus) experiment. This experiment is gathering arcing data 

for various cell materials and geometries in the space environment. 

The focus of this research was threefold. First, to modify the semi-analytic simulation 

to be more physically accurate and create a tool that could be used to predict arcing for any 

conventional geometry cell under any operating conditions. Next, to use this tool to predict 

the arc rates for the PASP Plus experiment, and then to analyze the simulated and flight 

data. The simulation was run before the spacecraft launch using expected environmental 

and operational parameters for the experiment. Then, the simulation was re-run using 

actual environmental and operational conditions from the experiment. The data from the 

experiment was then used, along with the simulations, to determine correlations between 

arc rate and the various material properties, environmental variables, and experimental 

parameters. 

In Chapter 2 the semi-analytic simulation developed by Cho and Hastings will be out- 

lined, while Chapter 3 will discuss the modifications made to the code to make it more 

physically and experimentally accurate. A description of the PASP Plus hardware and ex- 

periment will be given in Chapter 4. The arc rate simulations for PASP Plus made using the 

code, and the analysis of the flight and simulated data, will then be discussed in Chapters 

5 and 6. Finally, conclusions will be summarized in Chapter 7. 

11 
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Chapter 2 

Semi-Analytic Model 

Figure 4 schematically shows the arcing sequence assumed in this research. This chapter 

will review the semi-analytic model of this sequence developed by Cho and Hastings, and 

the next chapter will discuss the modifications made to the model. 

When an arc discharge occurs, some of the charge stored by the coverglass is lost. 

Experimentally, coverglass potential drops during discharges of up to several hundred volts 

from the steady state value have been observed88. Before the next arc can occur at the 

same location, the dielectric must restore some, or all, of the lost charge. It is assumed that 

the dielectric restores its lost charge through bombardment by the ambient ions since the 

electric field at the triple junction drops after the discharge and the field emission ceases to 

charge the dielectric. Once the dielectric charge is recovered so that the electric field induces 

a significant amount of field emission current, the EFEE charging resumes and leads to the 

next possible discharge. 

For large solar arrays, it can be assumed that arcing can happen independently at 

separate locations on the array. That is, arcs at one location do not affect the charging 

processes at sites distant from the arc site. Sites widely separated are thus said to be 

uncorrelated. The area of correlation is taken to be the area of the discharge wave created 

by an arc. This area is taken to be 0.012m2 based on experimental measurements in 

Reference 37. When an arc occurs, the resulting plasma cloud discharges an area around 

the location of the arc, resetting the charging process of all the emission sites within the 

area. Emission sites outside of this area are unaffected and continue charging. For the 

simulations, the array area is divided into correlated areas and the arc rates are determined 

independently for each area. The total arc rate for the array is then taken to be the sum 
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of the rates for the correlated areas. A more detailed discussion of the discharge wave area 

is given in Section 2.5. 

The time between arcs, rarc, is the minimum charging time of all the sites on the 

interconnector within the correlated area, given by 

Tare = WlTllTion T Tefee), {i)j 

where r;on is the ambient ion charging time and re/ee is the enhanced field electron emission 

charging time. Numerical results showed that the critical condition for arcing onset after 

EFEE charging has been initiated is whether the desorbed neutral density is larger than 

the critical value of approximately 6xl021 m~313. If the neutral density is above this value, 

breakdown occurs. If the density is below this value, the electron current just becomes 

space charge limited and eventually relaxes without leading to breakdown. In this case, a 

very short current pulse would be seen, without an arc flash or arc damage. Current pulses 

such as these, with timescales on the order of a nanosecond, have been detected in many 

experiments. In previous work by Mong and Hastings62, it was assumed that the neutral 

density was always above the critical value, resulting in an upper bound for the breakdown 

discharges. The next chapter will discuss how the neutral density criterion was incorporated 

into the simulations. 

2.1    EFEE Charging Time 

2.1.1    Enhanced Field Electron Emission 

The geometry considered for EFEE charging is shown in Figure 5. 

As the electric field near the triple junction increases due to the ion charging of the 

dielectric front surface, electrons are emitted from sites on the interconnect where the 

electric field has been enhanced due to either dielectric inclusions or microprotrusions on 

the metal.   Some of these electrons escape, while others strike the dielectric side surface 
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Figure 5: Geometry for EFEE Charging 

and induce secondary electrons, charging the surface. The enhanced field electron emission 

current density from an emission site caused by a dielectric inclusion at location y on the 

conductor is given by52 

jec{y) = A t/2E2M-M *IQ2TP2 = Äß'Eiexp   - 
B 

ßEe 
(10) 

where A and B are the Fowler-Nordheim coefficients given by Eqs. (7) and (8) and Ee is 

the electric field at the emission site. The factor SFN/Sreai accounts for the negative space 

charge effect near the emission site. Sreai is the area of the dielectric impurity, whereas 

SFN is the effective emission site area accounting for electron diffusion within the dielectric 

layer65. The factor ß is the electric field enhancement factor at the metal-dielectric interface, 

which can be on the order of 100-1000. A more detailed description of enhanced field electron 

emission is given in Appendix A. 

The secondary electron current density at a point x on the side surface is then given by 

jee(x,t) = J Jee{x,y)P{x,y,t)jec(y,t)dy + J 1ee(x,x')P(x,x',t)jee{x',t)dx' (11) 

15 



where -yee(x,y) is the secondary electron emission at point x due to electrons emitted from 

point y, and P(x,y,t)dy gives the probability that the electron emitted from y to y + dy 

on the conductor surface hits the dielectric surface between x and x + dx. 

The rate of change of the surface charge density a at position x on the side surface is 

then given by 

£       =    ~ JP{x,y,t)jec(y,t)dy - j P(x,x',t)jee{x
! ,t)dx' 

+jee{x, t) - jen{x, t) + jin(x, t) + jid{x, t) (12) 

The term jid(x,t) gives the ion current density to the side surface due to the ambient 

plasma. Numerical work by Cho13 found that this term is much smaller than jec and jee 

and is therefore neglected. The current densities jen and jin are the electron and ion current 

densities, respectively, due to ionization of neutral gases, which are also neglected. Thus, 

using Eq. (11), Eq. (12) can be rewritten as 

da(x, t) 

dt 
= j{lee{x, y)-l)P{x, y, t)jec{y, t)dy+j'(7ee(x, x')-l)P(x, x', t)jee{x', t)dx' (13) 

To find the rate of change of the surface charge density at the first impact point, x — ck, on 

the dielectric side surface, the second term of Eq. (13) is neglected since the contribution 

due to secondary electrons from the rest of the side surface is negligible at the first impact 

point. This gives 

J ' da^t)dx = /[/ ' P^Vi t)dx]{lee ~ l)jec(y, t)dy (14) 

The integral /0' P(x, y, t)dx is approximately equal to unity since x = di is the first impact 

point of electrons emitted from the conductor. Thus, Eq. (14) reduces to 

da{x,t)                                      VSreal ,.-, 
 — dx = (7ee - l);ec                                                         (lo) 

The potential difference between the first impact point, x = dt, and the triple junction, 

x = 0, is related to the surface capacitance, CdieU, by 4>d = cr/Cdieie- The electric field at 
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the triple junction can then be given by 

Er.J.=^=^7A-r (16) 

where the factor £ has been introduced to account for the discontinuity in the electric 

field due to the difference in the dielectric constants of the adhesive and coverglass in the 

system shown in Figure 5. In this system, the coverglass thickness is given by d\ and the 

adhesive thickness is d2. If the first impact point is within the adhesive, i.e. di < d2, the 

factor ( is unity. However, if the impact point is on the coverglass side surface, there is 

a discontinuity at the dielectric interface, x = d2, and the electric field just within the 

adhesive is E2 — E\edxled2, where e^ and e<i2 are the dielectric constants of the coverglass 

and adhesive, respectively. Since 4>d = E2d2 + E\{di — d2), the factor £ can be written as 

£   = 1 (di<d2) ■ 

e = ft + Ä^r1 (*>*) 
Because the electric field at the emission site, Ee, can differ from that at the triple junction, 

a function rj(y) = Ee/Er.j. must be introduced. Numerical work by Cho found that this 

factor is only a function of the distance of the emission site from the triple junction13. Thus, 

the electric field at the emission site can be written as 

Ee = T}Brj = vt7rE—r (18) 

Substituting Eq. (18) into Eq. (15) gives a relation for the rate of change of the electric field 

at the emission site   
dEe _   ^(jee — l)VSreai . .    . 
dt Cdieledi 

where jec is given by Eq. (10). 
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2.1.2    Analytic Solution to EFEE Charging Time 

The rate of change of the electric field at the emission site on the conductor is given by 

substituting Eq. (10) into Eq. (19) 

dEe ("fee - l)VSreal   ,/„2 rf (       B    \ tnC\\ -     = r?£ -2 A ß Ee exp   —-— (20) 
dt       /s    . Cdie[ed\ H    e    F V   ßE 

If the secondary electron yield is assumed to be constant, Eq. (20) can be integrated to 

obtain 
E 

E-{t]=i+^„(i-ex;(-^)(f)Ci) 
(2i) 

where C is the constant given by 

C = ^(7ee     1)y{^LA'ß2 (22) 
Wideb- 

and Eeo is the initial electric field at the electron emission site on the interconnector, which 

can be expressed in terms of the potential difference between the coverglass front surface 

and the triple junction as 

Eeo = v^Zo. (23) 

where £o is the value of £ found by substituting di = d\ + d? into Eq. (17). Chapter 3 will 

discuss the method using a non-constant secondary electron yield. The electric field Ee(t) 

then has the characteristic shape shown in Figure 6. 

The field shows a run-away at a time t = refee when the denominator in Eq. (21) 

vanishes, which is taken to be the EFEE charging time. Thus, the field emission electron 

charging time refee is given by 

l-exp(-^-)  /gN 
Tefee    =      " §——     "r )C (24) 

= f«*Gi:H (25> 
 C'dieted* (    B    \ , 

(Tee - l)y/S^TlZA§ZX-Bß      " \ßEeo '-'real 
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Figure 6: Typical Electric Field Run-Away 

Thus, refee is given by 

1~efee(V) = 
Cdieledi exp 

(Tee - l)^/S^alvZA>Bß      ^ \ß^V 

Bd 
(27) 

The factor 77, which was introduced to compensate for the difference in the value of the 

electric field at the emission site to that at the triple junction, is calculated from the 

following polynomial fit determined from the numerical schemes 

71=4 

77 = l + ^an((y-l)2n-l), (28) 
71=1 

where y = y/(dgap/2), y is the distance of the emission site from the triple junction, and dgap 

is the interconnector length. The first impact point is also calculated from a polynomial fit 

to numerical results given by 
dk n=4 

T-EM5 
71=1 

(29) 

where d = d\+d2. The capacitance per unit area of the dielectric side surface, Cdieie(di), is 

determined from a fifth order polynomial fit to the results of a capacitance matrix scheme43, 

discussed in Appendix B. Thus, 

Cdielejdj) 

ES=? c» (*) 
71-1 

(30) 
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where Cnorm is the capacitance per unit area of the front surface 

The term -yee is the secondary electron yield given by Reference 33 as 

lee = ImaxTT^—^P    2 - ^J—^—     exp[2(l - COS 9{)] (32) 
■t^max V V ■E'max I 

Here £j is the incident energy of the emitted electrons impacting the dielectrics given by 

Ei = e4>d = ^ = ^4 (33) 

and öj is the incident angle of those electrons at the first impact site given by 

6i = arctan (—) (34) 

In Eq. (32), jmax is the maximum secondary electron yield at normal incidence and Emax 

is the electron incident energy for the maximum secondary electron yield. 

The implicit assumption in this analysis is that the secondary electron yield is greater 

than unity. If the yield is less than unity, positive charging of the dielectric side surface 

will not occur and the field will not run away. However, even when taking into account 

the oblique incidence of electrons, the incident energy required to give a secondary electron 

yield of one will be on the order of tens of electron volts, or lower, for typical solar cell 

dielectric material. Thus, for high negative bias voltages, it is unlikely that the secondary 

electron yield will become less than unity. 

It should also be noted that any changes of the conductor surface work function due 

to the adsorption of neutral gas on the surface has been neglected. It has been observed 

that the adsorption of a gas on a metal surface can change the surface's work function84, 

and that the change strongly depends on the binding state of the gas. Different adsorbed 

states for the same gas-metal system can result in both increases and decreases in the work 

function. 
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The parameters which affect the EFEE charging, then, are the secondary electron yield, 

side surface capacitance, Fowler-Nordheim coefficients, emission site parameters, first im- 

pact point on the dielectric, and the bias voltage. The Fowler-Nordheim coefficients are 

functions only of the interconnect work function, and the secondary electron yield and 

emission site parameters di, 77, £, and C<fte/e are only functions of y, at a given voltage13. 

2.2    Ion Charging Time 

The calculation of the ion charging time is simpler than that for the EFEE charging time. 

If an arc occurs when the potential difference between the front surface and conductor is 

Va and the coverglass front surface loses charge AQ, then the potential difference drops to 

Va — AQ/Cfronti where Cfront is capacitance of the front surface given by 

Cfrmt = d1/(Ace//edl) + rf2/(Acei/ed2) 
(35) 

The ambient ion charging time for the voltage to recover to the value Ve is then given by 

Tion =  ~2  I36) 

where neVion is the ion flux to the coverglass front surface of area Aceu- This gives a total 

charging time of 

« - «" " BÄ^A- + C^A      exp (_Bi_\      (37) 
Tchr> en^i^Acei, (-r„-l)</S^tfA-§zx-Bß    P {ßtfoV, 

2.3    Neutral Desorption 

The two possible mechanisms for creating a neutral gas cloud are thermal stimulated des- 

orption (TSD) and electron stimulated desorption (ESD). Cho determined that it is very 

unlikely that the cloud is created through TSD, due to the temperature rise necessary and 

21 



the very short timescale involved13. Thus, it is assumed that the neutral gas cloud density 

is determined by electron stimulated desorption. 

ESD can be viewed as an inelastic collisional process between electrons and the adsor- 

bate. The electron impact imparts energy to the adsorbate, and can cause an electronic 

transition to the excited or ionized state. If the transition is high enough to place the 

molecule in an antibonding state, the adsorbed particle can leave the surface. The desorp- 

tion flux due to ESD, TESD, is given by 

?ESD = NnQESD
3-^ (38) 

where Nn is the number of gas particles adsorbed per unit are on the surface, QESD is 

the effective ESD cross section, and je/e is the incident electron flux. Typical values of 

QESD range from 10_19m2 to 10~24m2, depending on the binding state of the adsorbate. 

Although ESD can also desorb ions, the cross section for this is generally several orders of 

magnitude smaller than that for neutrals. There is a threshold for the incident electron 

energy which is about 5 eV for neutrals and 15 eV for ions22. 

To determine the surface neutral density, Cho assumed that the surface was in steady 

state, such that the thermal desorption flux was balanced by the adsorption flux13. In the 

present work, this was modified to be more time accurate, and will be discussed in the next 

chapter. The desorption flux due to TSD is given by 

TTSD = ^ = -kmNZ = -N?k°m exp (-H) (39) 

where m denotes the order of reaction and Ts is the temperature of the surface. In the 

MC-PIC simulations run by Cho13, m = 1 was used for A(adsorbed) -*■ A(gas) and m - 2 

for 2 A (adsorbed) -» A2{gas). In the semi-analytic simulations only m = 1 was used, since 

it was assumed adsorbed water molecules are the neutral species. This is an Arrhenius type 

modeling of the desorption process, with the gas particle trapped in a potential well of depth 

Ed. The coefficient k\ corresponds to the frequency at which the particle oscillates within 

the well, which is typically k\ = 1013±1 see'1. The value of Ed depends on the binding 

state of the adsorbate. If the binding is due to physical forces, such as van der Waals force 
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(physisorption), it is on the order of a fraction, of an eV. If the binding is due to chemical 

reactions (chemisorption), the energy is on the order of an eV. 

When the residual gas pressure is high, gas molecules can form multiple layers of ad- 

sorbed gases on the surface. The lowest layer is due to chemisorption and the upper layers 

are physisorbed. Under space operating conditions, however, the background neutral pres- 

sure is not high enough to prevent the physisorbed layers from disappearing. Therefore, we 

consider the neutral molecules to be a chemisorbed monolayer. For a monolayer coverage 

over a fiat surface, approximately 1019 molecules per m2 are needed. As the neutral species, 

H2O was chosen. During ground testing, UV spectroscopic measurements showed a strong 

OH spectra when arcs occurred, indicating the involvement of water". Another experiment 

showed that the major species of outgassed products from dielectric materials typically used 

on spacecraft, such as Mylar, Teflon, and Plexiglass, was water vapor60. 

The steady state value of the adsorbed neutral density N* is then given by the balance 

of the desorption flux from Eq. (39) and the adsorption flux, nna|s, where nna is the 

ambient neutral density and c is the thermal speed of the neutral molecules. The term 

5 = 1 — N*/Nno is the probability that a particle striking the surface sticks, where Nno is 

the surface neutral density for monolayer coverage. The flux balance can then be written 

as 

where Ts is the temperature of the dielectric surface. Solving this for N* gives 

K = —- „"""*     i    E  ,Nn0 (41) 
Tlnai +k[Nn0exp [—$;) 

This is the amount of neutral gas adsorbed on the side surface before the intense outgassing 

due to EFEE begins. 
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2.4    Semi-Vacuum Gas Breakdown 

As the EFEE charging process occurs, the current density to the side of the dielectric 

increases dramatically. This intense electron current can desorb a significant amount of 

neutrals through electron stimulated desorption (ESD). Numerical studies by Cho resulted 

in neutral densities as high as 1023m~313. Typical ambient neutral densities in LEO range 

from 1013m~3 to 1016m-3. In the vicinity of spacecraft, however, the neutral density can 

be significantly increased. For example, neutral densities in the Space Shuttle bay as high 

as 101877i~3 have been measured102. This section will examine the breakdown mechanism 

for this neutral density regime. 

The length scale for breakdown in the space environment is bound by the size of the 

electric sheath surrounding the high voltage surface. If there were no plasma present, the 

discharge would be expected to occur between the two points where the product of the 

pressure and the distance give the lowest Paschen breakdown voltage, known as a long- 

path discharge. In the presence of a plasma, however, electrons that are emitted from the 

negatively biased surface are lost once they leave the sheath, due to Debye shielding. The 

thickness of the sheath, t, near a biased surface can be calculated from the Child-Langmuir 

Lawi2 

_ 4V2(-eV/KTe)V\2 

(«re/mi)V2-    9 * XD (42) 

where u0 is the velocity of the ions entering the sheath, Te is the electron temperature in 

eV, and Xp is the debye length, which is a function of the electron temperature and density, 

ne, given by 

The boundary of the sheath is the point where u0 = («:Te/mj)1/2. Using this condition and 

solving Eq. (42) for t 
25/4 

* = — {-eV/KTef'A\D (44) 

Thus, for negative bias voltages near /cTe/e, the sheath thickness is approximately equal 

to the debye length, and increases with bias voltage. Typical debye lengths in LEO are on 

the order of a centimeter or less. This derivation, however, assumes a plane biased surface 
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where the sheath thickness is much less than the size of the surface. This length scale gives 

an upper bound for the arcing region size. The real size will be smaller, on the order of a 

millimeter, since the arcing process occurs at localized sites at the interconnect/coverglass 

junction. 

Using these parameters, the product of the pressure and scale length, pd, can range 

from ltorr-cm to 10~8torr -cm. The regime were classical Townsend gas breakdown theory 

holds is at high values oi pd, typically above 10~2torr ■ cm. Thus, most of the values of pd 

in the high voltage solar array arcing process fall into the semi-vacuum region between the 

Townsend breakdown regime, where the ionization mean free path, Am/P, is smaller than 

the path length, d, and the vacuum region where Xmfp 3> d. 

In a typical Townsend breakdown66' 44, ions created by electron-neutral ionization colli- 

sions impact the cathode surface and release secondary electrons. Breakdown will occur if 

the secondary electron current exceeds the original electron current. The secondary electron 

current is given by -yteji, where ji is the ion current to the cathode and ~ae is the secondary 

electron yield, which is typically less than unity. Therefore, the current returning to the 

cathode must be greater than the original current, which means that each electron emitted 

must create more than one ion through collisional ionization of the ambient neutrals before 

it reaches the anode. So, for Townsend breakdown to occur, the condition Xmfp < d must 

be met. The voltage for breakdown is a function of pd and follows the Paschen Law well. 

In vacuum breakdown, the pre-breakdown electron current is emitted from the cathode 

via field emission. As the current increases, the neutral gas which subsequently breaks 

down is provided through surface interactions of the electron beam with the electrodes. 

Voltages for vacuum breakdown are typically on the order of kilovolts to tens of kilovolts, 

and are independent of the background neutral density, since the neutrals for breakdown 

are supplied by the surface interactions. However, as the pressure increases, the breakdown 

voltage shows a sudden drop at around 10-3 to 10-2 torr and reaches Townsend values. 

The solar array arcing problem is closer to vacuum breakdown than Townsend break- 

down, in that the neutral source is provided by desorption from the dielectric side surface. 

However, the resulting neutral density may not be high enough to explain breakdown by the 
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usual mechanisms. In addition, breakdown voltages on the order of hundreds of volts is typ- 

ically observed, which is an order of magnitude lower than the typical vacuum breakdown 

voltages. The current problem also considers the possibility of the residual gas breakdown 

surrounding the interconnect surface. Thus, the region of pd in the solar array arcing sys- 

tems corresponds to the transitional region between the vacuum and Townsend regimes, 

termed the "semi-vacuum" region. In this regime, more than one electron is needed to 

produce one ion. There is little known of this region compared to the others to due "to 

experimental difficulties in preventing long path discharges. 

2.4.1     BKG Breakdown in a One-Dimensional Semi-Vacuum System 

In Reference 13, Cho developed a breakdown mechanism for solar array arcing in the semi- 

vacuum region. The mechanism was first developed for a one-dimensional system, then 

extended to the two-dimensional system needed for the solar array arcing problem. The 

one-dimensional system consists of a cathode and anode, and is filled uniformly with neutral 

gas. 

The hypothesis for breakdown in this regime was proposed by Boyle, Kisliuk, and Ger- 

mer (BKG)11. If the distance between the cathode and anode is small enough, there is 

a pre-breakdown electron current emitted from the cathode due to field emission, with a 

feedback effect provided by the field enhancement from the positive space charges of the 

incoming ion current. The resulting secondary electron current is nonlinear with the ion 

current and the ion current does not have to be larger than the original electron current. 

The increment of the electric field at the cathode surface due to returning ion current, 

ji, is written as 

SE+ = C+jt (45) 

where the constant C+ will be determined later analytically. In Reference 11, C+ was given 

bv C+ = T^"( 1^)1/2 vW' where v is tne voltage across the gap, m; is the ion mass, and e 
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is the electron charge. The returning ion current density is given by 

j.    =   (e"^-l)je0 

~    (nnad)je0 (46) 

where je0 is the initial electron emission current density from the cathode before any ion- 

ization occurs, nn is the neutral density, and a is the ionization collision cross section. It 

is assumed that the probability of ionization collisions while one electron travels from the 

cathode to the anode is very small, that is, nncrd <C 1. It is also assumed that the neutral 

density is uniform and independent of the electron current density je unless noted other- 

wise. In Reference 11, the neutral gas was assumed to be a result of the electron impact on 

the anode surface, which makes the results for the following breakdown condition slightly 

different. 

The field emission current density is given by 

je0 = ^/?2
JE;Lexp(-^-) (47) 

where Ec,0_ is the electric field at the cathode surface without any ion space charge. The 

current je0 is the emission current from the cathode before any ion is near the cathode 

surface. If we denote the typical time for an ion to travel across the gap by r+, the current 

jeo is the current flowing in the gap before t = T+. 

When the group of ions which are created by the initial electrons, jeo, arrives at the 

cathode at time t = r+, the field is enhanced by the ion space charge. The emission current 

then becomes 

jel   =   A>ß\Ec.0. + 6EfexP(-m*+ÖE)) 

^   A'^L.exp(--^|-)exp( 
B    SE+ 

Ec.o. ßEc,o. 

where it has been assumed that Ec.0. » 6E+. This assumption is valid because only a small 
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increase in the electric field is necessary to cause a large increase in the emission current 

due to its exponential dependence on the field. If SE+ > Ec,0_, we need to consider a time 

scale less than r+ where the field increment given by C+ = nnad'jeQ with d! <C d is still 

small compared to Ec.0.. Using Eqs. (45) and (46), the current density can be rewritten as 

Jel = Jeoexp ( C+nnerdje0) 

Denoting the premultiplier of jeo inside the exponential by a constant M, that is, 

M = MLC+nnad (49) 

we can write 

jei = Jeoexp(M;e0) 

At time t — 2T+, the second group of ions, created by the electrons emitted as jei, 

arrives at the cathode and gives the emission current of the next step 

Je2 = JeOexp(Mjf'ei) 

The emission current density of the following steps are given by 

Je3    =   jeo exp(M;e2) 

Jen     =     jeOexp(Mjen_i) 

This current growth is stable when there is a solution which satisfies 

Jen=JeOexp(Mje*J (50) 

The stable solution j*en is graphically shown in Figure 7. In this analysis, a discrete treatment 

of time was used to make the mechanisms of current multiplication clear. If a continuous 

treatment had been used, the stable condition given by Eq. (50) would still be the same as 

long as the electric field increment due to j*n is small compared to Ec.0. because Eq. (50) 
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gives a physical condition for the case where the positive ion space charge balances the incre- 

ment of negative space charge produced by the current increase from the initial current jeo- 

The curve ;eo exp(Mj'en) becomes tangential to the line jen when djeo exp(Mjen)/djen = 1, 

that is, jeoMexp(Mj*n) — Mjln = 1. Therefore, breakdown occurs when the initial current 

density jeo exceeds a critical initial value, 

JeO >je0.cr. = — exp(-l) (51) 

This is the point where the positive ion space charge outbalances the increase of negative 

space charge. Substituting Eqs. (47) and 49 into Eq. (51), the breakdown condition is 

written as 

nn > exp(-l)- exp 
B 

(52) 
C+adA'ßB *\ßEc0.. 

Once we know the constant C+, we can calculate the breakdown condition for a given set of 

parameters. To find the ion space charge field enhancement factor C+, the following system 

of one-dimensional equations are solved 

-2-n dtne + ■kiP-tVe) = VionTle 

ftni + ■ki.nivi) = fionfle 

SiVe + Ve£ve = 

atvi + Vi-^Vi = -Z-E TTli 

&E = t(n* ~ ne) 
^ = -E 

with the boundary conditions 

<p(x = 0) 

<f)(x = d) 

0 

V(>0) 

(53) 

(54) 

where ne,rij are the electron and ion densities, ve,V{ are the electron and ion velocities, 

and i/ion is the ionization collision frequency. Cho determined that for an emission site 

of size r2
0 — 10

-10
(T7I

2
), nTe = l{eV), and a gap distance of d = 0.1mm, the electron 

beam broadening can be neglected at a voltage higher than 100 volts13, making the one- 

dimensional approach valid. 
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Figure 7: Graphical Description of the BKG Breakdown Condition 

Next, the quantities are broken into zeroth and first order terms 

ne — neo(x) + 5ne(x,t) 

ni =      nio + 5rii(x,t) 

ve = veQ{x) + 6ve(x,t)                                            (55) 

Vi = Vi0(x) + ÖVi(x,t) 

E =      Eo + 5E(x,t) 

The ionization frequency Ui^ is given by Vion — veo/Xmfp. Since the mean free path is 

very large compared to d, Uion is regarded as a first order quantity. For the zeroth order, 

neglecting the unsteady terms and the ionization, the solutions are given by 

ne0(x)    -    -M- 

Tlio =     0 

Ve0{x)      =     \]-^EoX 

Vio(x)      =     -yj- 

Eo =   const 

(56) 

%W-x) 

where the current density jeo is uniform and the electric field EQ is negative. We consider the 
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State when the perturbation 6ne(x,t) is mainly due to ionization and still small compared 

to ne0. This corresponds to the state before the emission current from the cathode begins 

to increase. Since the objective here is to obtain the factor C+ analytically, not to obtain 

the growth rate, this approach is justified. 

For simplicity, we neglect the unsteady terms to the first order. The first order equations 

are then written as 

_     n,ntt,n ■^(5neveo + neo6v 

VeO^Ve + Sve£ve0       =     ~SE 

■^{SriiVio) 

(57) 
"■-"typ 
A >m/p 

a-SE =   j-{5rii - 5ne) 

We eliminate 6ne, 5ve, and 5m and solve for the field 5E. After some algebra, the differential 

equation for 5E is obtained 

ra
3      3 0»      . 3   M   D     d lXp_ d      /m-8e2-12C + 3        3   . 

[de + 1W     {W     V&'W      "       WP 
[V me 4£2(1 " O3'2      2^/2- 

where £ = x/d, IE = £E/JE0 and the constant £> is given by 

(58) 

D = 
3e0     _ 4 JeO (59) 

with jap given by the Child-Langmuir space charge limited current for the case of E0 = V/d. 

Neglecting the fourth term in the LHS because D < 1 and the second term in the RHS 

because y/mi/me > 1, Eq. (58) can be approximated by 

ö3      392        3   d d      /n^2 - 12g + 3 
[de+ 1W +"&W Am/pVme4£2(l-03/2 

(60) 

where 6E must satisfy the condition 

I ÖEdZ, 
Jo 

(61) 
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The solution to Eq. (60) is 

^=IßÄTV/?[(1-«3/2-f1 (62> "J      Amfp V TTle 0 

and at the boundary the field enhancement is given by 

SE(X = o)     8   rm~      je0 
 B = 77A/ nn<?d— (63) 

EQ 45 V rne jsp 

This corresponds to the ion space charge enhancement factor 

which is smaller than the one used in Reference 11 by a factor of eight. Substituting Eq. (64) 

into Eq. (52), the breakdown condition can be written as 

These results were verified by Monte Carlo-PIC simulations by Cho13. The results of the 

simulations agreed very well with experimental data, with a transition from semi-vacuum 

to vacuum breakdown clearly occurring at p ~ 10-3£orr. 

2.4.2    BKG Breakdown in a Two-Dimensional Semi-Vacuum System 

The breakdown neutral density is now determined by modifying the one-dimensional ana- 

lytical formulas from the previous section. In the two dimensional system, the ion current 

density to the conductor surface is lower than that given by Eq. (46), since not all of the 

ions come near the emission site due to the deflection of their paths by the electric field 

normal to the dielectric side surface. The ion current density in front of the emission site 

is now given by 

ji = ({nnvd)jeo (66) 

where ( is the fraction of the ion current which contributes to the field enhancement at the 

emission site, and jeo is the current density from the cathode before any ionization begins 
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and is equal to j*c (Appendix A) for the two-dimensional case. Taking into account this 

factor, the breakdown condition Eq. (51) is rewritten as 

ieo > ^exP(-D = [^7C+Cnn^-1exp(-l) (67) 

where the constant M has been corrected to M = B/ß/El0C
+Cnnad. The factor C+ 

accounts for the increment of the field at the cathode surface due to returning ion current 

ji by 5E+ - C+j{. In the previous section, the one-dimensional equations were solved 

analytically and C+ was given by 

, d ,T7li ,1/0       1 

However, for the present case, we need to modify the above expression by taking into account 

the fact that the initial electric field along the dielectric surface is not uniform due to the 

difference of the dielectric properties of the coverglass and adhesive. The factor C+ is now 

given by 
C+ - 0 4^füÜ)V2 I  (68) 

where Vad is the potential difference between the triple junction and the interface between 

the coverglass and the adhesive, which is given by 

Vad = V 
.£* + *, 

Substituting Eq. (68) into Eq. (67), the breakdown condition can be rewritten as 

"■>»•", »^^(-r^Cäi-)     <69) 
^a{di + d2)d2A'ßB \rriiJ \P&c.oJ 

where the initial cathode field Ec.0. and the factor C must be calculated numerically. The 

field Ee.o. corresponds to the field at the emission site when the emission current becomes 

quasi-steady after it is limited by negative space charge before ionization begins.   Using 
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Eq. (143), Ec.o. is found by solving the following equation 

^■*M-*fr)=1^-i/I;& (70) 

at a given bias voltage V. Cho approximated the ion concentration factor by £ = 0.1 from 

the numerical results of ion current distribution over the conductor surface13. From the 

numerical studies, it was determined that once EFEE charging occurs, arcing onset follows 

when the desorbed neutral density reaches approximately 3 x 1021 ~ 1022m~3. In the 

simulations, a critical neutral density of 6 x 1021m~3 was used for breakdown to occur. 

For a given bias voltage, the desorbed neutral density depends linearly with the ESD 

yield NUQESD-   Since the neutral flow is free molecular, the average neutral density is 

estimated by 
NUQESD fje, ,_1N nn = iz (—) (71) 

4C e 

where c is the average speed of neutral c = y f^ and je is the average electron incident 

current to the side surface defined by Eq. (144). Substituting Eq. (150) into Ye in Eq. (71), 

the neutral density nn is given by 

nn = 2.08^*^ /H^%|ye(2. (72) 
c e y me Eseid

z 

where Nn is given by Eq. (41), Ese is the electron emission energy, Esei is the electron 

incident energy for a secondary electron yield of unity, and Ve is the potential difference 

between the conductor and dielectric front surface at the time of the arc. Therefore, once 

EFEE charging begins, if the desorbed neutral density given by Eq. (72) is greater than a 

critical neutral density of approximately 6 x 1021m~3, breakdown will occur. 

Figure 8 shows the time history of the electron emission current for the arcing process 

created by the full MC-PIC simulation. The current initially increases rapidly until it 

becomes space charge limited, as discussed in Appendix A. The resulting intense current to 

the dielectric side surface desorbs neutral gas, creating a dense neutral cloud. If the density 

of the gas is greater than the critical density, the neutrals are ionized by the electron current 

flowing through it.   The resulting ions move toward the conductor surface, where their 
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positive space charge partially cancels the negative space charge of the emitted electrons, 

increasing the electric field at the emission site. This results in an increase in the emission 

current, and is regarded as the arc onset. The ionized neutral cloud then discharges part of 

the dielectric surface, as discussed in the next section. 

Negative space 
charge limitation 

Neutral desorption 
& 

Ionisation 

electric field 
enhancement 
due to positive 
sDace charge 

ß=500 
V=500 
Sre>i=8-7xl0-12m2 
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H20, q/m=32839 
ESD yield=5 

0.8 1.6 
Time, |jsec 

2.4 3.2 

Figure 8: Electron Emission Current from Conductor Surface Calculated by the Full MC- 
PIC Simulation 

2.5    Discharge Wave 

When an arc occurs on a solar array interconnect, electrons are emitted from the plasma at 

the location of the arc. These emitted electrons form part of a plasma cloud over the solar 

array. Some of the electrons escape, while others strike the coverglass, which has a positive 

potential near the bias voltage with respect to the interconnect. The impacting electrons 

produce secondary electrons, and can each easily produce more than one secondary electron 

due to the high bias voltage. But since the coverglass surface has the highest potential in the 

region, most of the secondaries are pulled back to the surface. These returning secondary 

electrons, along with the original electrons from the plasma cloud, causes the balance of the 
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surface charge to go negative, discharging the surface. Because the initial flow of electrons 

to the surface occurs near the arc site, a potential gradient is created along the coverglass 

front surface. The resulting electric field causes subsequent secondary electrons to be pulled 

along the surface instead of returning to their emission sites. By giving secondaries to other 

parts of the coverglass, the part which emitted the electrons balances the net current across 

itself and reaches steady state. 

This results in the having the discharged portion of the surface expand away from the 

site of the arc, denoted as a "discharge wave"13. The undischarged coverglass capacitance 

is proportional to the area outside of the area covered by the discharge wave 

Cg = —{NceuAceu — Awave) (73) 

where Nceu is the number of cells in the array, Aceu is the cell area, and Awave is the 

area covered by the discharge wave. Assuming that the wave expands semi-spherically, the 

speed of the expanding wave front, vd, is inversely proportional to the area surrounded by 

the wavefront because of the continuity equation 

9   (r2
disva) = 0 (74) 

drd, 

neglecting the change in the density in time and space, where rdis is the radius of the 

wavefront. Therefore, the velocity of the wavefront is given by 

drag        1 
—— ex — 
at        r 

ardis ■»■ />7C\ vd = —^ ex -j- (7DJ 
dis 

The resulting surface area covered by the discharge wave is found by integrating this to 

give Awave = 7rr%is = 7r(3a<)3, where a is some proportionality constant. The coverglass 

capacitance that survives an arc can therefore be given by 

Cg = ^NcellAcell - ^7r(3a)§t§ (76) 

From experimental data, Cho determined the wavefront speed to be vd = 6.0/r^m/sec, 

where rdiS is in meters13. Thus, assuming a 10/j.sec arc current duration, the wavefront can 
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discharge an area of 0.01m2. When an arc occurs, the charging process at each emission 

site within the discharged area, referred to as the correlated area, is reset, while the sites 

outside the area are unaffected. 

The above analysis for the area covered by the discharge wave assumes that the wave 

expands semi-spherically, and that the entire wave remains on the coverglass surface. In 

most cases, these will be valid assumptions. However, a few cases exist where this will 

overestimate the area that is discharged, illustrated in Figure 9. Figure 9a shows the case 

where an arc occurs at least r<ns away from an edge of the array and the entire discharge 

wave remains on the array. If an arc occurs near an edge, however, the area discharged 

will be lower than that given above, apparent in Figure 9b. However, since most the 

interconnects lie away from the edges of the array, the above assumptions result in only a 

slight overestimation in total discharge of the array after many arcs. Also, the area between 

the cells has been neglected, since this area is typically a very small fraction of the array 

area. 

2.6    Arc Rate Code 

Using the semi-analytic model above, a computer code was written by Cho13 to determine 

the arc rate for high voltage solar cells operating in a plasma environment. A slightly mod- 

ified version of this code, which neglected the effects of neutral density on the arc rate, was 

used by Mong and Hastings to predict arc rates for the PASP Plus experiment62. A descrip- 

tion of this program will be given here, while the next chapter will discuss modifications 

made to the code. A flow chart of the code written by Cho is shown in Figure 10. 

The program first reads in the input data. This includes the information about the 

cell dimensions and materials, the experimental parameters (i.e. bias voltage, experiment 

duration, cell temperature, environmental parameters, etc.), as well as the ranges of the 

parameters STeai, SFN, AQ, etc. The emission site density is read in at this point, which 

will set the number of sites on the conductor. The array is then divided into correlated 

areas based on the discharge wave area. 
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Next, the distributions of 77, £, di, and Cdieu are calculated using Eqs. (28) - (30). 

Uniform distributions of Srea[, SFN, 
an-d the electron stimulated desorption cross section 

QESD in logwSreai, logioSFN, and logioQßSD are calculated between minimum and maxi- 

mum values read in from the input data. The distribution of AQ is calculated as a linear 

distribution between minimum and maximum values. The distribution of the field enhance- 

ment factor ß is calculated from /(/?) = foexp(—ß/ßo), where /o is a constant determined 

from the normalization condition f f(ß)dß = 1 and ßo is a constant which determines the 

shape of the distribution. 

The code then loops through the correlated areas. For each area, a loop is made through 

the emission sites within the area. All the parameters needed for Eq. (37) are then chosen 

randomly from the distributions previously calculated or determined using the equations 

listed above. To determine the charging time for the site using Eq. (37), the term Ve needs 

to be determined. This is the potential difference between the coverglass and the conductor 

when the EFEE charging is initiated. It is not necessarily equal to the bias voltage. This 

is due to the fact that after an arc occurs, as the dielectric recovers its lost charge through 

ion charging and the electric field at the conductor begins to increase, EFEE charging can 

start as soon as the conductor surface feels a strong enough electric field. Therefore, the 

voltage Ve is found by finding the minimum of Eq. (37), which assumes that the secondary 

electron yield is constant (see Figure 11). This is done by solving the differential equation 

dTare     0 (77) 
dVe e 

using a Newton-Raphson scheme. The arcing time for the site is then calculated using 

this value of Ve. This is done for each site in the correlated area, and the site with the 

minimum charging time is the one that arcs. An arc counter is then incremented and the 

charging time is added to a running timer. The process is then repeated until the timer 

exceeds the experiment duration. The arc rate is then found by summing the arc counts 

from all the correlated areas and dividing by the experiment duration. Hastings et al. used 

the code to predict the arcing rates for the PIX II flight and ground tests37. The results 

of the simulations showed excellent agreement with both sets of experiments, as shown in 

Figure 12. 
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2.7    Proposed Arcing Mechanism for Wrap-Through-Contact 

Solar Cells 

The above model was created for the arcing process on conventional geometry solar arrays. 

Because of the importance of the exposed interconnect in arcing process, the wrap-through- 

contact (WTC) solar cell was developed to try to mitigate arcing. In this design, the 

interconnects pass under a kapton substrate between adjacent cells, and are therefore not 

exposed to the ambient plasma, as shown in Figure 2. However, the solar cell semiconductor 

is still exposed to the plasma along it's edge, and can participate in the arcing process in 

a manner similar to the interconnects in the conventional cell system. The WTC cells 

have been found to arc in both ground and flight tests56- 23 (although at much lower rates 

than conventional geometry cells), and an onset mechanism for arcing on WTC cells was 

proposed by Font et al.26. The mechanism can be summarized by the following sequence, 

illustrated in Figure 13: 

(1) Ions from the ambient plasma charge the coverglass front surface and substrate 

surface between the cells. The region of the substrate immediately adjacent to the cell is 

charged to a significant positive voltage, producing a strong electric field near the triple 

junction of the cell, substrate and space. 

(2) As the electric field increases, enhanced field electron emission (EFEE) from the semi- 

conductor side surface is initiated. These emitted electrons are attracted to the substrate 

because of the potential structure in the gap region. The impacting electrons will induce 

secondary electron emission (SEE) from the substrate surface. The SEE electrons will be 

unable to climb the potential well and will return the substrate surface, inducing further 

secondaries. The electron bombardment of the substrate will also desorb neutral molecules 

through electron stimulated desorption. 

(3) Because the electrons can't escape the potential well, the electron current will become 

space charge limited. If the electron current and desorbed neutral density become suf- 

ficiently large before the EFEE emission becomes limited, ionization and discharge will 

occur. 
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Chapter 3 

Modifications to Semi-Analytic Arc Rate Code 

3.1    Arc Rate Code 

In the previous chapter, the arc rate code developed by Cho and Hastings was described. 

This chapter will discuss modifications made to this code to make it more physically accurate 

and to allow it to accurately model the PASP Plus experiment as the satellite moves through 

the changing environment of its orbit. A flow chart of the modified code is shown in Figure 

14. 

The code now has a driver at the front end of the program. This allows the environmen- 

tal parameters to be defined at one second intervals during the experiment. Thus, when 

simulating arcing on orbiting spacecraft, the environmental data for the orbit can be set 

at one second intervals based on either actual data or data generated using environmental 

models. The bias voltage, experiment time, and cell type are also set in the driver. Output 

files are then opened. Data from the arc rate simulation can be dumped to these files for 

one second intervals during the experiment. This was done to match the format of the data 

for the PASP Plus experiment. This information is then passed to the arcrate subroutine. 

The cell data, consisting of cell dimensions and material properties are then read in. 

Next, the distributions of ry, ck, f, Cdieie, Srettt, SFN, QESD, and ß are calculated as before. 

The distribution of the amount of charge lost from an arc, AQ, is now a linear distribution 

of the percent of charge stored by the dielectric instead of a distribution between two fixed 

values. The array is then divided into correlated areas based on the discharge wave area. 
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The code then loops through these correlated areas. The occurrence of a breakdown 

discharge at a site in an area will reset the charging process of all other emission sites within 

that area, but will not affect the charging at sites in the other areas. However, as discussed 

in Chapter 2, if the desorbed neutral density at the site is not greater than the critical 

neutral density, breakdown will not occur. A small current pulse, hereafter referred to as 

a "small arc" will be generated, but no discharge wave will be created. Thus, the charging 

at the other sites will continue until one of the sites experiences breakdown ("big arc"). 

Previously, either the small arcs were ignored and only the big arcs were counted, or, as in 

the work done by Mong and Hastings62, the neutral density criterion was ignored, resulting 

breakdown in every case. Now, both big and small arcs are counted, with the sum giving the 

total arc rate. The results from numerical simulations showed that the current seen from a 

small arc is on the order of microamps to a few milliamps. Big arcs are typically current 

pulses on the order of amps. An input current threshold was added to the code to screen 

out arcs that would be below the level detectable by equipment used in an experiment. For 

example, the recently flown shuttle based SAMPIE experiment had a detectable current 

threshold of 20-100 mA41. Thus, only big arcs would be seen by this experiment. 

3.2    Charging Time Calculation 

The charging time for each emission site within the correlated area is then calculated. In 

previous work by Cho13 and then by Mong62, the secondary electron yield of the dielectric 

was assumed to be constant. This allowed Eq. (20) to be integrated, resulting in a closed 

form solution for the EFEE charging time given by Eq. (27). The assumption that the 

secondary electron yield is constant, however, is not physically accurate. As the electric 

field builds up, the emitted electrons are accelerated to a higher velocity before striking 

the dielectric surface. This increased velocity results in a higher secondary electron yield. 

Thus, the secondary electron yield will increase as the EFEE charging takes place. When 

the equation for the secondary electron yield as a function of the electric field, Eq. (32), 

is inserted in Eq. (20), a non-linear differential equation results. This equation can not 

be solved in a closed form as was possible for the case when the secondary electron yield 

47 



was assumed to be constant. Thus, the EFEE charging time must now be calculated 

numerically, using a Runge-Kutta scheme with adaptive stepping82. The total charging 

time for the emission site, rchrg, is determined by numerically finding the minimum of 

Tchrg = Tion "T Tefee \'°) 

where T^ is given by Eq. (36) and refee is found by numerically integrating Eq. (20) with 

the boundary conditions 

Ee. t. . = JMll- (79) 

and 

Eer   . = 2Ee. ... . (80) 

The choice of the final boundary condition comes from the fact that the field runaway 

follows the characteristic shape shown in Figure 6, where the field remains almost constant 

until the runaway time. At the runaway time, the slope of dE/dt becomes nearly infinite. 

Thus, the final condition for the integration can be assumed to be when the electric field 

has doubled. 

3.3    Neutral Density Criterion 

Once the charging time has been calculated for all the emission sites, the breakdown criterion 

must be judged. To do this, the desorbed neutral density nn at the site is compared 

to the critical neutral density nn<:, which was determined by Cho13 to be approximately 

6 x 1021m-3. The desorbed neutral density is given by13 as 

nn = 2mME§R^(E^^ (81) 
c        e \J me Eseid

z 

where ./Vn is the adsorbed neutral density on the dielectric surface before the intensive 

outgassing due to the EFEE begins, eo is the dielectric constant of vacuum, e is the electron 

charge, me is the electron mass, Ese is the secondary electron emission energy in eV, Esei 

is the energy for a secondary electron yield of unity, d = d\ + di is the total dielectric 
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thickness, and c is the average speed of the desorbed neutrals, which are assumed to be at 

the temperature of the dielectric surface Ts, so that 

5=^ <82> V nrrin 

where mn is the mass of the neutrals which are assumed to be water. In the previous 

work by Cho, the adsorbed neutral density Nn was assumed to be at the steady state value 

determined by the balance of the thermal stimulated desorption of neutrals to the flux of 

ambient neutrals onto the dielectric surface, found by solving the following equation for Nn 

where k® is the neutral thermal desorption coefficient, Ed is the adsorption energy, nna is 

the ambient neutral density, and Nno is the neutral surface density for monolayer coverage 

of the surface. The term 1 — Nn/Nno is an approximation for the probability that a neutral 

striking the surface will stick. The flux of neutrals onto the surface was assumed to be only 

due to the thermal flux of ambient neutrals. 

In this research, however, the steady state surface neutral density is not assumed, since 

an arc could occur at a site before the steady state could be reached. Once an arc occurs 

at a site, the neutrals adsorbed onto the surface must be recharged. Therefore, the change 

in the surface neutral density with time is given by the difference between the flux of the 

neutrals from the surface and the flux of neutrals onto the surface that stick 

where Tn is the component of the neutral flux onto the side surface due to the orbital 

velocity. Since the array may be at a non-zero angle of attack, this is given by 

Tn = rinaVorbit sin a, (85) 

with Vorbit being the orbital velocity and a the angle of attack of the arrays to the ram (an 

angle of attack of 0 corresponds to the spacecraft velocity vector and the vector normal to 
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the array front surface being parallel).  Solving Eq. (84), the surface neutral density, as a 

function of time, is therefore given by 

iVn(t) = ^(l-e-C2t) (86) 

where C\ and C2 are given by 

d = Tn + nna| (87) 

^ + M"t) 
The surface neutral density at the time of the arc is calculated from Eq. (86) with the 

time set to the difference between the time of the arc and the time of the previous arc at 

that site. This time is the time for which the neutrals have been recharging the surface. 

If there was no previous arc at the site, the recharging time was set to 1 x 1030, resulting 

in the steady state surface neutral density. The ambient neutral density nna was taken to 

be 100 times the actual ambient density based on numerical work by Cho13 which found 

that the neutral gas pressure over the solar cell after an arc was as high as 20 torr when 

the background density was on the order < 10~3 torr, and also due to the neutral density 

around a spacecraft typically being enhanced by the spacecraft itself. 

From Eqs. (86) and (81), it can be seen that the desorbed neutral density is a function of 

the ambient neutral density, cell temperature, voltage, and electron stimulated desorption 

cross section QESD- Thus, for a given voltage and value of QESD, 
tne critical ambient 

density nnac needed to result in the desorbed neutral density exceeding the critical density 

can be determined for various cell temperatures by substituting Eq. (86) into Eq. (81) and 

solving for nna in steady state, giving 

«~=—5—p^tm      (M) 

As can be seen, the critical ambient neutral density is a strong function of both cell tem- 

perature and bias voltage, as well as the cell thickness and secondary electron emission 

properties, electron stimulated desorption cross section QESD, and the orbital velocity and 
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angle of attack. Figure 15 shows the critical ambient neutral density needed for breakdown 

at bias voltages of-100V to -500V and a QESD of 1 X 10_19m2 for the APSA solar cells used 

in the PASP Plus experiment at zero angle of attack. The value of 1 x 10_19m2 for QESD 

was chosen to have the ESD yield NUQESD match experimental values22. As can be seen, 

the ambient neutral density needed to allow breakdown is a strong function of tempera- 

ture. Conversely, the cell temperature needed to allow a sufficiently large surface neutral 

density to lead to breakdown can be seen to be a function of ambient neutral density, as 

well as of voltage and QESD- Thus, there exists a critical ambient neutral density above 

which breakdown will occur at a given cell temperature, and a critical cell temperature 

above which breakdown will not occur at a given ambient neutral density. The figure also 

shows that for a given cell temperature, the critical ambient neutral density for breakdown 

increases with voltage, typically by 1-2 orders of magnitude over the voltage range covered 

by the PASP Plus experiment. Also apparent is that the critical cell temperature, at a fixed 

neutral density, also increases substantially with voltage. For the PASP Plus experiment 

voltages, the critical temperature for arcing could be expected to vary by as much as 50K 

due to the voltage alone. 

Figure 16 shows a comparison of the critical ambient neutral density variation depen- 

dence on cell temperature between the different cells biased in the PASP Plus experiment. 

It shows a slight increase in the critical density with cell thickness, and an increase in crit- 

ical temperature with decreasing thickness. This assumes, however, that all of the other 

parameters are equal, which may not be the case. As seen in Figure 17, a change in the 

ESD parameters can change the critical neutral density by an order of magnitude, or more, 

and can change the critical cell temperature by tens of degrees. Similarly, from Eq. (89), 

changes in the secondary electron emission properties or the adsorption properties will also 

greatly affect the critical neutral density and temperature. 

When the solar cells are cold and there is a high ambient neutral density, there is a higher 

surface neutral density, and therefore a higher desorbed neutral density, which results in a 

larger probability of breakdown, and thus a larger arc rate. In the limit, all of the possible 

arcs will have a desorbed neutral density greater than the critical density and will result in 

breakdown. This is the limit used in the earlier work by Mong62. However, when the cells 
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are warm and/or the ambient neutral density is low, many, or all, of the possible arcs will 

not have a sufficiently large desorbed neutral density to allow breakdown to occur, resulting 

in a lower arc rate. Figure 18 shows the variation in the simulated average arc rate with 

temperature for the APSA array on the PASP Plus experiment. The simulation was run 

with a bias voltage of-300V, a plasma density of 1 x 1010m-3, and ambient neutral densities 

of 3 x 1012m-3, 3 x 1013m-3, and 3 x 1014m_3. At the low cell temperatures, the neutral 

density has no affect on the arc rate. However, as temperature increases, the arc rate quickly 

drops for the case with a neutral density of 3 x 1012m~3 at a temperature of approximately 

260K, becoming zero at 300K. Thus, for this case the critical cell temperature is 300K. 

As the ambient neutral density increases, the critical temperature increases, reaching 350K 

at a neutral density of 3 x 1014m~3. Thus, while a critical cell temperature is expected 

for all cells, determining this temperature accurately is difficult without knowing all of the 

parameters involving in the process. 

In the simulation, once the surface neutral density at the arc site is known, a value for 

QESD is randomly chosen from the distribution of QESD and the desorbed neutral density is 
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Figure 16: Critical Ambient Neutral Density Variation with Temperature for Varying Cell 
Thickness 

calculated using Eq. (81). This is then compared to the critical neutral density to determine 

if breakdown occurs (i.e. whether a small or big arc occurs at the site). After the arc size 

has been determined for all the sites within the correlated area, along with the time of the 

arcs, all the small arcs up to the first big arc are counted, along with the big arc. Since 

this big arc resets the charging process at all the sites within the correlated area, the arcs 

that would have occurred after this first big arc are disregarded and the process is repeated 

until the time exceeds the experiment duration. 

3.4    Total Arc Rate 

The arcs from all the correlated areas are then summed to give the total arc count. The code 

has also been modified to be able to include arc count limitations within the experimental 

equipment. For example, the PASP Plus transient pulse monitors have an upper count 

limit of fifteen arcs per second due to software constraints. The final simulated results are 
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Figure 17: Critical Ambient Neutral Density Variation with Temperature for Varying QESD 

then output after screening for arc current and arc rate limitations within the experimental 

equipment. The stochastic nature of the arcing process is represented by the random selec- 

tion of the parameters during the simulations. Thus, multiple runs of the simulation results 

in different arc rates. Simulations are typically run one hundred times, giving minimum, 

maximum, and average arc rates, along with the expected scatter in the data. 

This semi-analytic arc rate code can be used to predict the arcing activity of any con- 

ventional geometry solar cell in a plasma environment. In the Chapter 5, the results of 

predictions using this code for the PASP Plus experiment will be discussed. The code was 

also recently used to predict the arcing on the SAMPIE experiment, with experimental 

values falling either within or very near the predicted values 92- 79. 
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Chapter 4 

PASP Plus Experiment Description 

4.1    Background 

Spacecraft designers anticipate that future missions will require more survivable, higher 

powered space systems. This requirement demands more efficient, survivable, and radiation 

hardened solar array systems operating at higher voltages to minimize the mass require- 

ments and resistive losses in the power distribution subsystem. The interactions of these 

high voltage arrays with the space plasma and radiation environments need to be clearly 

understood in order to improve the reliability of the future systems. Because of the com- 

plex nature of these interactions, ground simulations are inadequate to accurately quantify 

the effects of the space environment on the solar array systems. Thus, the Photovoltaic 

Array Space Power Plus Diagnostics (PASP Plus) experiment was designed by the U.S. Air 

Force to gather a large base of flight test data to be used to develop an understanding of 

the interaction of both highly positive and negative biased solar arrays. The experiment 

was designed to systematically investigate the effects of the space environment on advanced 

solar arrays. 

Initially, PASP Plus was to test only high voltage solar array interactions with the am- 

bient space plasma. Then, in early 1990, the Space and Missile Systems Center's Space 

Test Program offered the PASP Plus experiment a flight on the Advanced Photovoltaic 

and Electronics Experiment (APEX), to be launched by a Pegasus launch vehicle. This 

satellite also has two secondary experiments to study the effects of radiation on electron- 

ics: Cosmic Ray Upset Experiment/Cosmic Radiation Effects and Dosimetery Experiment 

(CRUX/CREDO) and Thin Film Ferroelectric Experiment (FERRO). A description of the 
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CRUX/CREDO and FERRO experiments is given in Reference 49. Because the APEX 

satellite was to be placed in a highly elliptical orbit passing through the bottom of the 

radiation belts, with a one to three year lifetime, the PASP Plus experiment goals were 

changed to include long term radiation effects on solar arrays32. 

PASP Plus has four main objectives68: 

(1) Characterize the electrical performance and environmental interaction of a set of 

advanced solar arrays operating at high voltages in the natural space environment. The 

plasma leakage current for the arrays at high positive voltages (up to +500V) and the 

arcing characteristics of the arrays operating at high negative voltages (up to -500V) are 

to be examined. 

(2) Characterize the long-term radiation degradation effects of several advanced solar 

arrays operating in a harsh space radiation environment. 

(3) Determine an environmental cause-and-effect relationship for the impact of the space 

environment on the operation of solar arrays. 

(4) Obtain flight performance data for advanced array designs never before flown. 

4.2    Hardware Description 

4.2.1    APEX Satellite 

The deployed configuration of the APEX satellite is shown in Figure 19. The body of the 

satellite is a hexagonal cylinder 60 inches tall and 38 inches across (or 44 inches from corner 

to corner). The top Payload Shelf contains eight solar array modules, three electric field 

transient pulse monitors (TPMs), the APEX sun sensor, one calorimeter and two quartz 

crystal microbalances (QCMs). Extending up from the Payload Shelf are two 2-foot booms. 

On one boom is the langmuir probe head, and on the other is APEX magnetometer, which 

is used for satellite attitude control. Under the Payload Shelf is the Avionics Shelf, which 

contains electronics boxes and the CRUX/CREDO and FERRO experiments. The satellite 
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has four deployed panels attached to the top shelf. Three of these panels contain the solar 

arrays used for spacecraft power, while the fourth Deployed Panel contains the remaining 

PASP Plus solar array modules and diagnostic sensors. There is one TPM, one calorimeter, 

one QCM, and the PASP Plus sun sensor on the Panel. The satellite is three-axis stabilized 

and is sun pointing to within ±0.5 degrees. Thus, the solar arrays are at varying angles of 

attack to the ram plasma flux as the satellite moves around it's orbit. Because the langmuir 

probe head is two feet away from the shelf, the plasma density recorded by the probe while 

the array modules are in wake does not match that at the location of the modules32. 

4.2.2    Diagnostic Equipment Description 

The PASP Plus experiment is controlled by a microprocessor controller, which contains 

all of the electronics for the solar cell biasing and data acquisition and telemetry. The 

controller distributes power and commands from APEX to all of the instruments, except 

for the dosimeter, and receives, processes, and sends the data from the instruments to the 

satellite. The data is then stored for later transmission to a ground station, or sent down 

real-time. The dosimeter has its own interface for power, command, and data transmission 

to and from the satellite32. 

Diagnostic sensors for the PASP Plus experiment include86: 

(1) Sun sensor to measure the incident angle of the solar energy. 

(2) Langmuir probe to measure the plasma temperature and density. The probe also has a 

potential sensor (SENPOT) to sense and compensate for the vehicle frame potential, 

which may be more negative than the space plasma potential. The Langmuir probe can 

measure plasma densities of 108 to 1012m-3, and plasma temperatures of 1000° to 8000° 

K, with debye lengths of 2.2 mm to 62 cm, at spacecraft potentials of 2 V to -30 V21. 

(3) Four transient pulse monitors (TPMs) to detect and fully characterize (amplitude, rise 

time, integral, and number of pulses per second) the arc discharges that occur during the 

negative biasing portion of the experiment18. These monitors have a rate limitation of 15 

arcs/second. There is also one sensor on the high voltage power line inside the controller. 
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Table 1 PASP Plus TPM Settings 
Setting Telemetry- Counts E-Field Threshold In-Line Sensor Threshold 

0 
1 
2 
3 

5 
55 
105 
155 

10 V/m 
45 V/m 

225 V/m 
700 V/m 

6 mA 
30 mA 
140 mA 
420 mA 

The minimum electric field pulse counted by the TPMs can be chosen from the levels in 

Table 1. The TPMs can measure peak electric fields from 10V/m to 5000V/m, with rates 

of rise from 3 x 109V/sm to 1 x 1012V/sm, and integrals of 8 x 10~6Vs/m to 

6 x 10-3 Vs/m. The peak currents detectable are 3mA to 1.4A, with rates of rise of 

7 x 105A/s to 3 x 108A/s, and integrals of 2 x 10~9As to 2 x 10~6As. The approximate 

pulse width limits are ons to 5/is with rise time limits of Ins to 2/is, and an effective 

bandwidth of approximately 200 MHz. 

(4) Electrostatic analyzer (ESA) to measure the 30 eV to 30 keV electron/ion spectra and 

detect the passage of the spacecraft through the auroral region. The ESA has four heads: 

two for ions and two for electrons. The instrument can measure one ion and electron 

spectrum per second, with an energy resolution of 10%. The number flux range 

measurable is 105 to 1010/cm2 • s ■ ster, integrated, at integrated energy fluxes of 105 to 

\010keV/cm2 ■ s ■ ster21. 

(5) Dosimeter to measure the short and long term ionizing particle (electron and ion) 

radiation flux and dosage. 

(6) Contamination monitors to measure the amount and effect of molecular and 

particulate contamination on the array surfaces. Two types of monitors will be used. 

Quartz Crystal Microbalances (QCMs) will be used to measure the mass of contamination 

being deposited on the surface, while Thermal Coated Calorimeters will determine the 

optical degradation of the coverglass through a/e measurements. 

(7) Temperature sensors to measure the temperature of the arrays. 

In addition, an electron emitter will be available to emit a stream of electrons to alter 

the spacecraft potential. This will allow the experiment to more accurately simulate the 

positive bias voltage operation of large functional arrays. 
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Figure 19: Deployed Apex Spacecraft with PASP Plus Experiment 

4.2.3    Solar Array Module Descriptions 

There are seventeen arrays of twelve different types being flown on the Payload Shelf and 

Deployed Panel of the spacecraft. Since there are only sixteen electrical channels, one of 

the arrays is not being used. Ten of these arrays are subject to high voltage biasing. The 

information for these arrays are taken from References 1 and 62. The array modules are 

numbered from 0 to 15 for identification. Arrays #0, #1 and #2 are conventional silicon 

solar cells. Module #3 is made up of silicon wrap-through-contact (WTC) cells designed 

for the Space Station. Arrays #4 and #6 are Applied Solar Energy Corporation's (ASEC) 

gallium arsenide/germanium (GaAs/Ge) conventional cells. TRW's APSA cells make up 

array #5 (previously labeled array #36). The advanced solar cells of AlGaAs/GaAs Mono- 

lithic MBG are on array #7. Array #8 is made of Spectrolab's GaAs/Ge WTC cells. 

Amorphous silicon cells developed by TRW and Solarex are located in module #9. Array 

#10 contains advanced indium phosphate (InP) cells. Spectrolab's conventional GaAs/Ge 
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Figure 20: PASP Plus Solax Array Module Locations 

cells are in array #11. Modules #12 and #13 are made up of Boeing's GaAs/CuInSe MBG 

cells. Two concentrator designs are being flown in modules #14 and #15. Module #14 is 

the Mini-Cassegranian GaAs cell from TRW, while module #15 contains the Boeing Mini- 

Dome Fresnel Concentrator. Of these, modules #1, 2, 3, 4, 5, 6, 8, 11, 14, and 15 are the 

arrays subject to high voltage biasing. Figure 20 shows the location of each module on the 

Payload Shelf and Deployed Panel. The number in parentheses beside the array name is 

the number of cells in the module. The arc rate simulation was run for the conventional 

geometry cells (arrays #1, 2, 4, 5, 6, and 11), and will be discussed in the next two chapters. 

The biased conventional silicon cell arrays #1 and #2 are representative of virtually all 

of the arrays flying on DoD, NASA, and commercial spacecraft today. The cells were man- 

ufactured by Spectrolab Inc. and incorporated into an array by RCA in 1984. In addition 

to the objectives stated above, these cells will also be compared to the well documented 

degradation characteristics of Si to insure the accuracy of the dosimeter readings. The 

silicon cells are 2cmx4cm and 203/im thick. The coverglass is fused silica bonded to the 

cell with Dow Corning adhesive DC-93500, with estimated thicknesses of 153/XTn and 37^7n, 

respectively. The interconnector is assumed to be Kovar with an estimated work function 

of 4.76 eV. The cells are bonded to a layer of Kapton atop a thin metallic foil interlayer. 

The substrate is a 0.5" thick 10" x20" aluminum honeycomb structure with graphite/epoxy 

face sheets.  The string measured efficiency, based on cell area, is 14.4% AMO.  Array #1 
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contains twenty cells in series, while array #2 has sixty cells contained in three strings of 

twenty. Thus, differences in the arc rates between these arrays will help give the relationship 

between arcing and the number of cells. Both of these modules are located next to each 

other on the Deployed Panel, with module #1 located near the center of the panel, and 

module #2 located near the side edge. 

A much thinner conventional geometry silicon cell design is being tested by the TRW 

Advanced Photovoltaic Solar Array (APSA) cells in module #5. The thin cells hold a large 

promise for future use due to the mass cost savings they yield. The beginning-of-life (BOL) 

specific power and area density performance of a 5.8kW APSA wing, including everything 

from the gimbal out, are 138 W/kg and 135 W/m2. The cells are 2.6cmx5.1cm with a 

thickness of only 63.5/xm (2.5 mil) thick. More importantly for arcing considerations, the 

CMX coverglass thickness is only 51/wn (2 mil) and the DC-93500 adhesive is estimated to 

be 76/j.m thick. The interconnector is silver plated invar, so the relevant work function is 

that of silver, which is 4.26 eV. The cells are bonded to a flexible Kapton substrate, which 

has a 1500 angstrom coating of germanium for atomic oxygen protection. The module is 

mounted over a cutout on the Deployed Panel, in the center of the panel near the outer 

edge. This position makes this module the farthest from any TPM, which may result in 

fewer of its arcs being detected by the monitors. The measured efficiency of the array is 

12.9% AMO. The module is made up of twelve APSA cells. Examination of the arc rate of 

these cells will give insight into the relationship between arcing and cell thickness for silicon 

cells. 

Modules #4 and #6 contain thin GaAs/Ge conventional geometry cells, which are 

high efficiency, radiation resistant cells produced by the Applied Solar Energy Corporation. 

These contain 4cmx4cm, 76(j.m (3.5 mil) cells with 102^m (6 mil) thick CMX coverglasses. 

The DC-93500 adhesive thickness is estimated to be 51/im thick. The interconnector is 

also silver plated invar. The advantage of this type of cell arises from the ability to make 

the inactive germanium substrate thin while maintaining adequate strength. Germanium 

has a minimum fracture toughness twice that of gallium arsenide. The -measured string 

efficiency for these modules is 19.1% AMO. Array #4 contains four parallel strings of five 

cells, while array #6 has three parallel strings of four. Thus, these modules will also allow 
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the dependence of arcing on array area to be examined. Both, of these modules are located 

on the Deployed panel, near the Payload Shelf. 

Module #11 has thick GaAs/Ge conventional geometry cells made by Spectrolab Inc. 

These cells are 4cm x4cm, 178/im (7 mil) thick, with 152/j.m (6 mil) thick coverglasses. The 

adhesive thickness is estimated to be 76/xm (3 mil). Thus, these cells have a much thicker 

dielectric layer than the GaAs/Ge cells in modules #4 and #6. The measured performance 

of the module is 19.2% AMO. There are two strings of four cells each in the module, which 

is located on the Payload Shelf. By comparing the results from this module with modules 

#4 and #6, the relationship between arcing and dielectric thickness for the GaAs/Ge cells 

can be examined. 

There are also two modules of wrap-through-contact (WTC) cells being subjected to 

high voltage biasing in the PASP Plus experiment. Module #3 contains silicon WTC Space 

Station cells manufactured by Spectrolab Inc. These large (8cmx8cm) cells are mounted 

on a flexible Kapton blanket and placed over a cutout on the Deployed Panel, similar 

to the configuration to be used on the Space Station. The Kapton blanket is used to 

ease manufacturing, reduce array cost in terms of dollars/watt, and results in relatively 

high specific power (66W/kg). The Space Station array design calls for a beginning-of-life 

operation at 161.1 V, which shows the need for investigation of the interactions of high 

voltage solar arrays with the space environment. The measured module performance of the 

silicon WTC module based on cell area is 13.0% AMO efficiency. 

The second type of wrap-through-contact solar cell being tested on PASP Plus is the 

GaAs/Ge WTC cell in module #8, also manufactured by Spectrolab Inc. The cell design 

is identical to that of the GaAs/Ge cells in module #11, with the exception of the wrap- 

through contacts (see Figures 1 and 2). This module contains four cells in series, with a 

measured performance of 17.2% AMO, and is located on the Payload Shelf. As discussed 

in Section 2.7, the wrap-through-contact design is expected to show less arcing than the 

conventional geometry cells, although it still has a possible arcing mechanism and has been 

seen to arc on other experiments. 

PASP Plus is also biasing two concentrator modules. Concentrator arrays show promise 
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for use on satellites experiencing high radiation exposure and/or require small solar array 

areas. The concentrators shield the photovoltaic material from radiation flux and also 

improve cell performance and cost efficiency. As the concentration of solar illumination 

is increased, the cell current increases proportionally and the open circuit voltage, Voc, 

increases slightly. This increase in Voc results in an increased cell efficiency. Because the 

cells are covered by the concentrators, and thus not directly exposed to the space plasma, 

it is expected that concentrator arrays would not be susceptible to arcing at high voltages. 

Module #14 has eight GaAs mini-Cassegrainian concentrators, one of which was by- 

passed due to intermittent cell interconnect problems. The mini-Cassegrainian is a double- 

pass reflective concentrator, which focuses sunlight onto the GaAs cells with an effective 

concentration ratio of approximately 90x. The concentrator is made up of a group of shal- 

low elements whose height yields a concentrator panel thickness that corresponds to that 

of a conventional rigid planar solar array. The optical elements include a primary parabolic 

reflector, a secondary hyperbolic reflector and a conical reflector surrounding the cell to 

focus any deviant light, shown in Figures 21 and 22. Development of a hardened version of 

the mini-Cassegrainian concentrator was discontinued by the Air Force and SDIO in 1990, 

so the are no plans to deploy this specific design. However, the module is being flown 

and biased to test the interaction of mirror concentrator arrays, in general, with the space 

environment. When tested in 1985, this module had a maximum power of 2.2W at 7.0V. 

The intermittent electrical problems with the module made it difficult to accurately state 

a conversion efficiency. The module is located on the Payload Shelf. 

The second concentrator array being flown is the GaAs/GaSb mini-dome Fresnel lens 

concentrator module #15. The multi-junction GaAs/GaSb cells hold promise for increased 

performance and reduced cost. The module contains 12 cells and is located on the Payload 

Shelf. This module has a measured efficiency based on the total module area of 20.9% AMO. 

Other solar array modules that are being flown on PASP Plus to test long-term radiation 

effects only, and thus will not be biased, include a monolithic AlGaAs/GaAs module (#7), 

amorphous silicon module (#9), indium phosphide module (#10), and two GaAs/CuInSe2 

mechanical stack modules (#12 and #13). 
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Figure 22: Plan View of GaAs Mini-Cassegrainian Concentrator Module #14 
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Table 2 : PASP Plus Cell Data 
Instrument No. 1,2 3 4,6 8 11 5 (36) 

Cell Type Si Si WTC GaAs/Ge GaAs/Ge WTC GaAs/Ge APSA 

Manufacturer RCA NASA ASEC Spectrolab Spectrolab TRW 

Cell Size (cm2) 2x4 8x8 4x4 4x4 4x4 2.6x5.1 

No. of Cells 20, 60 4 20, 12 4 8 12 

Cell Gap (/im) 500 1000 500 1000 500 635 

dcell (Mm) 203 203 89 178 178 56 

d\ (/im) 153 203 102 152 152 51 

d2 (jum) 37 N/A 51 N/A 76 76 

e<fi 3.5 4 4 4 4 4 

£d2 
2.7 3 2.7 3 2.7 2.7 

1max\ 3.46 4 4 4 4 4 

/max 2 3 2 3 2 3 3 

£man  (eV) 330 400 400 400 400 400 

Emax2  (eV) 300 200 300 200 300 300 

0™ (eV) 4.76 4.85 4.26 4.5 4.26 4.26 

Table 2 summarizes the given and assumed cell properties for the conventional and 

wrap-through-contact cells biased during the PASP Plus experiment. 

4.3    PASP Plus Testing and Satellite Integration 

The PASP Plus solar array modules were integrated into the Payload Shelf and Deployed 

Panel by NASA Lewis Research Center. Thermal-vacuum tests with simulated-sun illu- 

mination of the Shelf and Panel were conducted at the Boeing large-chamber test facility 

at Kent, WA, in June/July 199232. During the tests, current-voltage (I-V) curves were 

obtained for the arrays under simulated coming out of eclipse temperature and solar illu- 

mination conditions15. The entire PASP Plus experiment was then sent to Orbital Sciences 

Corp.(OSC), who built the APEX satellite, in July 1992. Integration of the PASP Plus 

experiment onto the satellite was delayed until the spring and summer of 1993 because of 

various APEX fabrication and software problems32. 

Extensive environmental and performance testing of the spacecraft and experiments were 

then carried out. After integration of the PASP Plus hardware onto the APEX satellite, 

comprehensive performance tests were run on all of the hardware in the clean room at 
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OSC on March 26, 199369. The dosimeter was tested separately from the the rest of the 

equipment. Pre-environmental testing comprehensive performance tests were conducted 

December 4, 199370. Pre-pyro-shock limited performance tests were done on January 20 and 

21, 199472. Pre-thermal-vacuum limited performance tests were conducted on the satellite 

without the deployed panel on February 15, 199473, and pre-vibration limited performance 

tests were done on the entire satellite on March 12 and 14, 199474. The final comprehensive 

performance tests at OSC were conducted on April 8, 199471. 

The satellite was then shipped to Edwards AFB, CA, where it was integrated into a 

standard Pegasus launch vehicle. Limited performance tests were conducted on the hard- 

ware, as received, on May 26, 199475. The dosimeter then received limited performance 

testing on June 23, 1994 and the rest of the PASP experiment underwent limited perfor- 

mance testing on June 25, 199475. The launch failure of the first Pegasus XL, carrying the 

STEP-1 satellite, from the OSC L-1011 aircraft delayed the launch of the APEX satellite 

through July32. 

Some ground testing of the arcing onset voltages of the PASP Plus modules was per- 

formed by Norm Grier at NASA Lewis31. Testing was done both with the array back plate 

grounded and floating. On January 29, 1993, modules #3, #5, #11, and #14 were tested 

with two plasma conditions. The first was at a density ne of 5 x 10um~3, electron tem- 

perature Te of 0.7eV and ion temperature T of 0.2eV. Module #3 arced at -500V both 

when grounded and floating. Module #5 arced at -210V when grounded and -250V when 

floating. Array #14 arced at -350V when grounded and -450V when floating, and array 

#11 arced at -200V when grounded and -320V when floating. Modules #3, #8, #11, and 

#14 were then tested on February 12, 1993, with a plasma density of 4 x 10um~3, electron 

temperature of 0.5eV and ion temperature of O.leV. Array #3 then arced at -500V, array 

#8 at -316V, array #11 at -490V and array #14 at -215V. The last set of tests were con- 

ducted on February 18, 1993, on modules #1, #2, #4, #5, #6 at four different conditions: 

1) ne = 5 x 10nm-3, Te = O.leV, and T = 0.2eV, 2) ne = 5 x lO11™"3, Te = 0.6eF, and 

T = O.leV, 3) ne = 2 x 1012m-3, Te = 0.9eF, and T = 0.2eF, and 4) ne = 4 x lO11™"3, 

Te = 0.8eV, and T = Q.2eV. In these tests, module #1 arced at -141V, module #2 arced at 

-175V, module #4 at -215V, module #5 at -300V, and module #6 at -168V. These results 
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show the difficulty in achieving good results from ground testing. Module #1, which has 

one third as many cells as module #2, arced at a bias voltage 34V lower than module #2, 

and array #6, which is just over half as large as array #4, arced at a voltage 47V lower 

than array #6. 

4.4    APEX Launch and Orbit 

On August 3, 1994, the APEX satellite was launched into orbit by a three-stage solid-fuel 

Pegasus rocket released from the NASA B-52 aircraft within the Western Test Range off of 

the coast of California. The launch occurred without problems, as did the satellite's lock 

onto the sun and the deployment of the four panels. The satellite was placed into a 70° 

inclination, 363x2550 km orbit, which has an apogee higher than the baselined 1950 km 

apogee. This higher altitude allows the satellite to traverse farther into the radiation belts, 

allowing the radiation effects portion of the experiment to be performed in roughly half of 

the time originally needed32. The orbital parameters, as of February 9, 1995, are as follows: 

Epoch : 

Semi-Major Axis: 

Eccentricity: 

Inclination: 

Right Ascension: 

Argument of Perigee: 

Mean Anomaly: 

1995+40+13:11:29.00 

2.566E+7 ft 

0.1392 

69.97° 

275.9° 

318.4° 

144.4° 

This corresponds to a perigee altitude of 353.82 km, apogee altitude of 2530.9 km, and an 

orbital period of 114.71 minutes. After 150 days on orbit, it was noticed that the perigee 

of the orbit was increasing and the apogee was decreasing. Analysis and simulations were 

performed by Radex, Inc., and it was determined that this was due to the third geopotential 

69 



Table 3: PAS P Plus B ias Sequences 
Seq No. Step 0 Step 1 Step 2 Step 3 

0 safe safe safe safe 

1 75 100 125 150 
2 200 240 280 320 
3 360 400 450 500 
4 200 300 400 500 
5 160 180 200 220 
6 240 260 280 300 
7 prog. prog. prog. prog. 

term, J3, which tends to make the altitude go slightly higher in the south and lower in the 

north. The combination of the Jz effect with effects from variations is the earth ellipsoid, 

which are of about the same magnitude, results in the orbital altitudes having a strange 

pattern in time, producing the noticed effect59. 

4.5    PASP Plus Experiment Operations 

After the turn-on and checkout of the APEX spacecraft after launch and initial I-V curve 

measurements, PASP Plus experimental operations began on August 8, 1994 (day 94220), 

with positive biasing of the solar array modules. In both the positive and negative biasing, 

each array to be tested is biased in a sequence of four bias steps each lasting 23 seconds, with 

each step preceded by an I-V curve measurement on the module being tested, an I-V curve 

of one of the other 16 modules, and a Langmuir probe measurement of the plasma density 

and temperature32. The modules to be tested are biased in descending numerical order 

using one of the sequences shown in Table 3. Sequence 0 is no biasing ("safe mode") and 

sequence 7 is programmable. The biased arrays can be either shorted or at optimum load. 

The other mode of experimental operation is the I-V Curves Only mode, which produces 

one I-V curve for each of the modules in 8 minutes. 

Positive biasing was conducted from August 8 until August 18 (day 94230) on all of the 

arrays with voltages from +75V to +500V, except for the APSA arrays, which are not to 

exceed ±300V. In this phase of the experiment, biasing was carried out ±20 minutes around 
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perigee in order to have a high plasma density during the experiments, and the electron 

emitter was turned on every third orbit. The positive biasing was followed by three days of 

I-V Only operations, from August 19-21, 1994. 

Negative biasing of the modules to be tested began on August 22, 1994 (day 94234). 

This initial negative biasing phase continued until September 3, 1994 (day 94246), with 

biasing from -75V to -450V being done on all arrays except #5, which was biased up to 

-300V. The negative bias schedule for these days is shown in Table 4. The biasing up to 

-220V (days 94234-94237) was done from ± 20 minutes of perigee. At this point, high 

levels of arcing were seen, especially on the APSA module #5, while in eclipse when the 

cells were cold76. As discussed in Section 3.3, this was expected, since the cold cells have a 

higher surface neutral density, which results in a higher desorbed neutral density and higher 

probability of breakdown. Because of concerns over damaging the PASP Plus experiment in 

this early phase, the decision was made to continue performing negative biasing only from 

15 minutes after exiting penumbra to 1 minute prior to entering penumbra76. Thus, the 

negative biasing from -240V to -450V (days 94240-94246) was conducted only in sunlight, 

when the cells were hot. Upon biasing at -450V, the transient pulse monitors became 

saturated. It was decided that this was due to fluctuations in the power supply and not 

arcing, and therefore biasing was continued only up to -430V76. 

PASP Plus was set to operate in I-V Curves Only mode from September 4 to October 

10, 1994, since this period had the modules in wake while at low altitude (where the plasma 

density is high). Positive biasing was then continued from October 10-16, 1994, at +100V to 

+300V, where it was thought that the most interesting aspects of snapover were occurring. 

At the low positive voltages, current leakage is confined to the interconnects. At higher 

positive voltages, electrons striking the coverglass produce secondary electrons, causing the 

coverglass to become positively charged. The coverglass then attracts and collects more 

electrons, increasing the leakage current. Eventually, leakage current collection takes place 

over the entire array front surface32. 

Negative biasing was then carried out from October 17-22, 1994 (days 94290-94295), with 

the arrays biased from -160V to -400V, shown in Table 5. The APEX orbit during this time 
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Table 4: PASP Plus Bia< ; Sequences for Days 94234-94246 
Day Sequence -Voltage Arrays 

94234 -Seq 1, Short 75,100,125,150 1,2,4,6,11 
94235 -Seq 1, Short 75,100,125,150 3,5,8,14,15 
94236 -Seq 5, Short 160,180,200,220 1,2,4,6,11 
94237 -Seq 5, Short 160,180,200,220 3,5,8,14,15 
94240 -Seq 6, Short 240,260,280,300 1,2,4,6,11 
94241 -Seq 6, Short 240,260,280,300 3,5,8,14,15 
94242 -Seq 7, Short 

-Seq 6, Short 
320,340,360,380 
240,260,280,300 

1,2,4,6,11 
1,2,4,6,11 

94243 -Seq 7, Short 
-Seq 7, Short 

320,340,360,380 
250,270,290,300 

3,8,14,15 
5 

94244 -Seq 7, Short 
-Seq 7, Short 

320,340,360,380 
270,290,310,330 

4,6,11 
1,2 

94245 

half 

half 

-Seq 7, Short 
-Seq 7, Short 
-Seq 7, Short 
-Seq 7, Short 
-Seq 7, Short 
-Seq 7, Short 

390,410,430,450 
250,270,290,300 
320,340,360,380 
270,290,310,330 
390,410,430,420 
250,270,290,300 

3,8,14,15 
5 

4,6,11 
1,2 

3,8,14,15 
5 

94246 -Seq 7, Short 
-Seq 7, Short 
-Seq 7, Short 

390,410,430,420 
340,350,360,370 
340,350,360,370 

4,6,11 
1,2 

1,2,4,6,11 
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Table 5: PASP Plus Bias Sequences for Days 94290-94295,94304-308 
Day Sequence -Voltage Arrays 

94290 -Seq 5 Short 160,180,200,220 1,2,4,6,11 
94291 -Seq5 

-Seq 6 
Short 
Short 

160,180,200,220 
240,260,280,300 

1,2,4,6,11 
3,5,8,14,15 

94292 -Seq 6 
-Seq 6 

Short 
Short 

240,260,280,300 
240,260,280,300 

1,2,4,6,11 
3,5,8,14,15 

94293 -Seq 6 
-Seq 7 
-Seq 7 

Short 
Short 
Short 

240,260,280,300 
310,330,350,370 
290,290,290,290 

1,2,4,6,11 
3,8,14,15 

5 
94294 -Seq 7 

-Seq 7 
-Seq 7 

Short 
Short 
Short 

310,330,350,370 
290,290,290,290 
320,340,360,380 

3,8,14,15 
5 

1,2,4,6,11 
94295 -Seq 7 

-Seq 7 
-Seq 6 

Short 
Short 
Short 

320,340,360,380 
340,360,380,400 
240,260,280,300 

1,2,4,6,11 
3,8,14,15 

5 
94304 -Seq 5 Short 160,180,200,220 4,5,6,11 

94305 -Seq 5 
-Seq 5 

Short 
Short 

160,180,200,220 
160,180,200,220 

1,5,6,11 
2,3,8 

94306 -Seq 5 
-Seq 6 

Short 
Short 

160,180,200,220 
240,260,280,300 

1,2,3,8 
4,5,6,11 

94307 -Seq 6 
-Seq 6 

Short 
Short 

240,260,280,300 
240,260,280,300 

4,5,6,11 
1,2,3,8 

94308 -Seq 6 
-Seq 7 

Short 
Short 

240,260,280,300 
310,330,350,370 

1,2,3,8 
4,6,11 

was in a non-eclipse orientation, so the cells were always hot when biased, gathering a large 

number of data points at the high temperatures. Because arcing data was desired during 

eclipse times, positive biasing was resumed from October 24-30, 1994, while the satellite 

remained in a sunlight-only orbit. Negative biasing was then continued from October 31 to 

November 4, 1994 (days 94304-94308), when the APEX orbit contained portions of eclipse. 

The bias voltages in this portion of the experiment were predominantly from -160V to - 

300V, with a few points from -310V to -370V. On November 4, 1994, as the negative biasing 

beyond -300V was being conducted, a problem developed on APEX, causing the spacecraft 

to go into Contingency Mode and shut off the experiments. 

The problem that developed was in the Battery Control Regulator. Each battery on the 

spacecraft was monitored by two pressure gauges and two temperature sensors. The data 

from each of the sensors went through one multiplexer. A short on one of the pressure sensors 
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resulted in a single point failure at the multiplexer. Therefore, the pressure and temperature 

data was no longer available for use in regulating the battery charging. A solution to the 

problem was developed by OSC using the battery voltage and battery radiator temperature 

to regulate the charging. Software using this scheme was written and tested and then 

uploaded to the spacecraft, allowing experimental operations to resume on January 14, 

1995. Since the software patch was not part of the spacecraft's intrinsic software, it had 

to be reloaded anytime the system was rebooted, which occurred, for example, after single 

event upsets (SEUs). Because of this, operations were not conducted above 1200km or near 

the South Atlantic Anomaly. The requirements for going into Contingency Mode, which 

then required a system reboot, were then changed to decrease the number of reboots. This, 

however, is more dangerous since possible problems could arise and the spacecraft may not 

go into a safe mode. 

With PASP Plus once again operational, positive biasing was conducted from January 

14-17, 1995. Negative biasing was then performed from January 18 to February 11, 1995 

(days 95018-95042). Because of high levels of noise in the TPM data76, the TPM threshold 

was increased to level 1 on February 2, 1995 (day 95033). Previously, the TPM setting had 

always been level 0. The counts detected on these days are believed to be noise (not arcs) for 

several reasons. First, the counts are an order of magnitude higher than the previous data, 

and are independent of which cell is biased or what bias voltage is used. Also, although the 

counts show up, there is no amplitude measured, indicating low-level noise and not arcing. 

Figures 23 and 24 show the arc rate (actually, TPM pulse detection rate) variation with 

cell temperature for the thin GaAs/Ge module #4 on day 95032. The first figure shows the 

rates at a constant bias voltage of -350V and an ion flux of 5 x 1014/m25, while the second 

shows the rates for the voltages of -350V, -370V, -390V, and -410V, with no constraint on 

the ion flux. First, it is clear that the noise level is not a function of either bias voltage or 

ion flux, since the first graph is just a subset of the second. It is also clear that the noise 

level increases at times when the cells are warmer. As the cells heat up, so does the rest of 

the spacecraft, including the transient pulse monitors themselves. The noise is possibly due 

to a problem in the TPMs as they heat up, or with some other piece of equipment emitting 

electric field pulses at high temperatures. This effect is currently under examination by the 

TPM supplier. 
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Figure 23: TPM Noise on GaAs/Ge Module #4 at -350V and 5 x 1014m~3 

Because of the high noise in the data for days 95018-95031, this data will not be used 

in this work. The biasing sequences used for days 95033-95042 are shown in Table 6. In 

this set of biasing, one module was biased repeatedly for four consecutive orbits, then the 

next module was biased for four orbits, etc. This was done to try to get data at continuous 

points in the cell temperature and plasma density ranges seen throughout the orbit. Biasing 

was conducted in both sunlight and eclipse, although the modules were in wake during the 

eclipse portions of the orbit at this time. 

The next phase of negative biasing was performed from March 3 to April 1, 1995 (days 

95062-95091), when there were portions of the eclipse that had the modules in ram. The 

same scheme was used as in the last phase: biasing one array at a time repeatedly for several 

orbits, then moving on the next array to be tested. The biasing of the modules during this 

period is summarized in Table 7. This portion of the experiment yielded a large amount of 

data for the variation in the arc rates with cell temperature, which had not been available 

from the previous data. 
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Figure 24: TPM Noise on GaAs/Ge Module #4 at -350V,-370V,-390V, and -410V 

The last set of negative biasing took place from April 13 to April 18, 1995 (days 95103- 

95108). The biasing sequences used during this portion of the experiment are shown in 

Table 8. Appendix C summarizes the number of times each module was biased at each 

voltage for every day that negative biasing was conducted. Table 9 lists the total number 

of times each module was biased to each negative voltage through day 95141. 

On May 16, 1995 at 20:31Z, when the APEX spacecraft was located at geodetic latitude 

4, longitude 289, altitude 2316 km (near the edge of the South Atlantic Anomaly), there was 

a failure in the housekeeping interface unit (HIU). Because of this, the HIU heaters are no 

longer operational, so the vehicle's transmitter is being used as a heat source during sunlight 

operation. This also caused the battery radiator temperatures to no longer be available for 

use in regulating the battery charging, so the regulating is now being done based only on 

the battery voltage and current. PASP Plus is now powered off during eclipse and South 

Atlantic Anomaly crossings, and is able to collect approximately twelve hours of data per 

day. The dosimeter is on only during sunlight, which is approximately fifteen hours per 

day, depending on the date3. 
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Table 6: PASP Plus Bias Sequences for Days 95033-95042 
Day Sequence -Voltage Arrays 

95033 -Seq 6, Short 
-Seq 7, Short 

240,260,280,300 
360,380,400,420 

1,2 
14 

95034 -Seq 7, Short 360,380,400,420 6,8,11,14 
95035 -Seq 7, Short 

-Seq 7, Short 
360,380,400,420 
290,310,330,350 

4,6 
2,3 

95036 -Seq 7, Short 290,310,330,350 1,2 
95037 -Seq 7, Short 330,350,370,390 3,8,11,15 
95038 -Seq 7, Short 

-Seq 7, Short 
330,350,370,390 
330,350,370,390 

3,8,11,15 
1,2,4,6,11 

95039 -Seq 7, Short 
-Seq 7, Short 

330,350,370,390 
380,400,420,440 

1,2,4,6 
11,14,15 

95040 -Seq 7, Short 
-Seq 7, Short 

380,400,420,440 
380,400,420,440 

11,14,15 
4,6,8 

95041 -Seq 7, Short 
-Seq 7, Short 

380,400,420,440 
280,300,320,340 

3,4,6,8 
1,2 

95042 -Seq 7, Short 
-Seq 7, Short 

280,300,320,340 
380,400,420,440 

1,2 
3 

On June 3-4, 1995, a failure caused all of the heaters to turn on for fifteen hours, heating 

the TPMs to 100°, which were not designed to be heated above 60°. This caused the TPM 

sensors #3 and #4, located on the Payload Shelf, to fail. Thus, only one TPM on the Shelf, 

the TPM on the Deployed Panel and the sensor on the high-voltage power line inside the 

controller remain operational83. 

4.6    PASP Plus Data 

As of May 21, 1995, the PASP Plus experiment had returned approximately 1.37 gigabytes 

of data. The raw data was processed by software written by Boston University20, and then 

distributed to the PASP Plus Science Team. This data includes the satellite housekeeping 

and ephemeris data, environmental data, and the positive and negative biasing data. Fig- 

ures 25 and 26 show examples of the plasma density and temperature data measured by 

the langmuir probe, in this case on day 94235. Figure 27 shows the ram angle, a, of the 

modules corresponding to times for Figures 25 and 26, and Figure 28 shows the orbital ve- 

locity of the spacecraft, which is the velocity at which the ambient plasma ions are striking 
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Table 7: PASP Plus Bias Sequences for Days 95062-95091 
Day Sequence -Voltage Arrays 

95062 -Seq 6, Short 240,260,280,300 1,4,6 
95063 -Seq 6, Short 240,260,280,300 1,2,3,4,5,6 
95064 -Seq 6, Short 

-Seq 7, Short 
240,260,280,300 
320,340,360,380 

3,5 
3 

95065 -Seq 6, Short 
-Seq 7, Short 
-Seq 7, Short 

240,260,280,300 
320,340,360,380 
370,390,410,430 

5 
3 

4,6,8,11 
95066 -Seq 7, Short 

-Seq 7, Short 
370,390,410,430 
370,390,410,430 

4,6,8,11 
1,2,3,14 

95067 -Seq 7, Short 
-Seq 7, Short 

370,390,410,430 
370,390,410,430 

4,6,8,11 
1,2,3,14 

95068 -Seq 7, Short 
-Seq 7, Short 

370,390,410,430 
370,390,410,430 

4,6,8,11 
1,2,3,15 

95069 -Seq 7, Short 
-Seq 7, Short 

370,390,410,430 
400,410,420,430 

1,2,3,15 
8,14 

95070 -Seq 7, Short 
-Seq 7, Short 

400,410,420,430 
400,410,420,430 

8,14,15 
4,6,11 

95071 -Seq 7, Short 
-Seq 7, Short 

400,410,420,430 
400,410,420,430 

4,6,11 
1,2,3 

95072 -Seq 7, Short 400,410,420,430 1,2,3 
95073 -Seq 6, Short 240,260,280,300 1,2,4,5,6 
95074 -Seq 6, Short 240,260,280,300 4,5,8,11,14,15 
95075 -Seq 6, Short 

-Seq 7, Short 
240,260,280,300 
320,340,360,380 

8 
1,2,3 

95076 -Seq 6, Short 
-Seq 7, Short 

240,260,280,300 
320,340,360,380 

5 
1,4,6 

95077 -Seq 6, Short 
-Seq 7, Short 

240,260,280,300 
320,340,360,380 

3 
8,11,14,15 

95078 -Seq 6, Short 
-Seq 5, Short 

240,260,280,300 
160,180,200,220 

1,2,3,5 
5 

95079 -Seq 5, Short 
-Seq 6, Short 

160,180,200,220 
240,260,280,300 

5 
5,6 

95080 -Seq 6, Short 240,260,280,300 4,5,6,11,14,15 
95081 -Seq 6, Short 

-Seq 7, Short 
240,260,280,300 
320,340,360,380 

8,11,14,15 
1,2,3 

95082 -Seq 7, Short 
-Seq 6, Short 

320,340,360,380 
240,260,280,300 

1,2,3,4,6 
5 

95083 -Seq 7, Short 
-Seq 6, Short 

320,340,360,380 
240,260,280,300 

4,6,8,11,14,15 
5 

95084 -Seq 7, Short 
-Seq 6, Short 
-Seq 5, Short 

320,340,360,380 
240,260,280,300 
160,180,200,220 

8,11,14,15 
5 
5 

95085 -Seq 6, Short 
-Seq 5, Short 

240,260,280,300 
160,180,200,220 

1,2,3,5 
5 

95089 -Seq 6, Short 240,260,280,300 1,2,3,5 
95090 -Seq 6, Short 240,260,280,300 1,2,3,5 
95091 -Seq 6, Short 

-Seq 6, Short 
240,260,280,300 
240,260,280,300 

1,2,3,5 
4,6,15 
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Table 8: PASP Plus Bias Sequences for Days 95103-95108 
Day 

95103 
95104 
95105 

95106 

95107 

95108 

Sequence 
-Seq 6, Short 
-Seq 6, Short 
-Seq 5, Short 
-Seq 7, Short 
-Seq 5, Short 
-Seq 6, Short 
-Seq 7, Short 
-Seq 6, Short 
-Seq 7, Short 
-Seq 7, Short 

-Voltage 
240,260,280,300 
240,260,280,300 
160,180,200,220 
320,340,360,380 
160,180,200,220 
240,260,280,300 
320,340,360,380 
240,260,280,300 
320,340,360,380 
320,340,360,380 

Arrays 
4,5,6 

8,11,14,15 
5 

1,2,3 
5 
5 

4.6 

4,6,14,15 
8,11,14,15 

Table 9: Total Bias Steps s for PASP Plus Modules 

Voltage Module 

1 2 3 4 5 6 8 11 14 15 

-75.00 53 53 46 53 46 53 46 53 46 46 

-100.00 53 53 46 52 46 53 46 53 46 46 

-125.00 52 53 45 53 46 53 46 53 46 46 

-150.00 49 53 44 53 46 53 46 53 46 46 

-160.00 397 384 204 339 711 373 192 407 30 30 

-180.00 397 383 203 338 704 374 192 407 30 30 

-200.00 395 381 203 337 697 372 191 406 30 30 

-220.00 393 382 201 337 695 372 190 404 30 3U 

-240.00 837 861 1092 830 1979 731 742 666 529 575 

-260.00 836 858 1090 827 1971 724 738 663 529 561 

-280.00 1038 1049 1082 821 1962 723 734 661 527 556 

-290.00 292 316 186 0 281 0 0 0 0 0 

-300.00 1030 1040 1074 816 2077 716 729 656 523 549 

-310.00 284 313 334 3 0 1 151 2 152 152 

-320.00 622 596 559 569 0 568 321 479 320 320 

-330.00 451 455 505 158 0 157 292 151 152 299 

-340.00 629 602 594 560 0 569 363 477 360 361 

-350.00 349 338 502 237 0 198 292 154 152 301 

-360.00 428 411 596 579 0 747 528 516 398 357 

-370.00 348 329 477 400 0 359 452 314 233 410 

-380.00 412 395 793 783 0 947 727 720 601 550 

-390.00 337 318 381 398 0 360 355 320 132 280 

-400.00 108 108 366 345 0 494 522 358 393 235 

-410.00 279 284 327 361 0 317 327 280 241 243 

-420.00 108 108 370 355 0 504 526 366 397 349 

-430.00 275 281 326 280 0 274 320 279 240 242 

-440.00 0 0 206 206 0 205 196 206 200 190 

-450.00 0 0 6 0 0 0 6 0 6 6 
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the arrays when they are in ram. From this, the ion flux to the arrays can be calculated, 

when the arrays are in ram (i.e. a < 90°), from 

Tj = riiVorbit cos a (90) 

where rti is the ion density, which is equal to the electron density measured by the langmuir 

probe because of quasineutrality. As the ram angle approaches 90°, the flux of ions to the 

surface is dominated by the bohm flux, given (to first order) by 

Vbohm ^KTe/rm (91) 

so that 

Tit =ni^KTe/mi (92) 

where Te is the plasma electron temperature and m* is the ion mass. In this work, the ion 

flux was taken to be the greater of the fluxes given by Eqs. (90) and (92), since the fluxes 

are not additive. Thus, Figure 29 shows the ion flux to the cells during the orbit, which is a 

key factor in the charging time for arcing. The portions where the flux drops off the graph 

are wake periods of the orbit. The plasma densities were measured twice for each bias step: 

once with a sweep up on the Langmuir probe bias and once by a sweep down. The values 

for the two sweeps varied by as much as 50%. Thus, in the data analysis done in Chapter 6, 

a 50% tolerance was used when finding points of constant ion flux. Although the Langmuir 

probe was rated for densities up to 1012m~3, the data above 2 x 1011 is inaccurate because 

of large changes in the spacecraft potential at high densities, and thus points above this 

value were flagged as bad and are not used in this work. 

Unfortunately, the ambient neutral density was not measured, which is also an important 

factor in the arcing process, as discussed in the previous two chapters. However, because of 

the highly elliptical orbit of APEX, the neutral density will generally be relatively higher at 

times of high plasma density. Figure 30 shows a comparison of neutral and plasma densities 

around one APEX orbit generated by EWB using the MSIS and IRI models. This shows 

a general correlation between neutral and plasma densities. Therefore, in the analysis of 

the arcing data, it will be assumed that the neutral flux will be higher at points of high ion 
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Table 10: Environmental Parameter Ranges for PASP Plus 

Minimum 
Maximum 

Plasma 
Density 

1.005 x lO^m.-^ 
> 2 x lO^m--5 

Electron 
Temperature 

0.0232 eV 
0.8542 eV 

Ion 
Velocity 
6195 m/s 
8211 m/s 

Ram 
Angle 
0.276° 
179.57° 

Ion 
Flux 

1.64 x lO^/m's 
2.03 x 10la/m^5 

flux. The ranges in the environmental parameters are listed in Table 10, which were then 

used as inputs to the arc rate simulation. 
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Figure 25: PASP Plus Plasma Density During Five Orbits on Day 94235 

The temperature of the modules were also measured throughout the orbit, with an 

example shown in Figure 31. The cell temperatures quickly drop upon entering eclipse, and 

then quickly rise again upon entering sunlight, followed by a longer period of near steady 

state temperature while in sunlight. The two modules located over cutouts on the Deployed 

Panel (modules #3 and #5) show the quickest temperature drops and reach the coldest 

temperatures. The temperature ranges of the cells are given in Table 11. Of important 

note is that the conventional silicon modules #1 and #2 have a maximum temperature 

that is significantly cooler than the other conventional geometry cells. During the mission, 

it was noticed that the spacecraft was slowly heating up, thought to be due to changes in 

the optical properties of the white paint on the satellite. Thus, Tables 12 and 13 list the 

cell temperature ranges for the early days (94234-94308) and the later days (95033-94108), 
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Figure 26: PASP Plus Electron Temperature During Five Orbits on Day 94235 

Table 11: Temperature Rang« is of Biased PASP Plus Cells 
Module         #1 #2 #3 #4 #5 #6 #8 #11 #14 #15 

Minimum, K    225 225 186 250 193 250 199 248 273 255 
Maximum, K    329 329 358 365 356 365 331 339 342 335 

respectively. 

The 30 eV to 30 keV ion and electron spectra seen by the APEX spacecraft are measured 

by the electrostatic analyzer (ESA). The ESA has four detectors: one each for low energy 

ions, high energy ions, low energy electrons and high energy electrons. Because of the 

ellipticity of the orbit, the particle fluxes to the spacecraft can vary greatly. Figure 32 

shows an example of the data from the ESA for one orbit on day 95235. 

The arcing activity on the modules biased to high negative voltages is monitored by the 

Table 12: Temperature Ranges of Biased PASP Plus Cells on Days 94234-94308 
Module #1 #2 #3 #4 #5 #6 #8 #11 #14 #15 

Minimum, K 230 230 186 254 196 254 254 251 273 258 
Maximum, K 323 323 339 343 346 343 331 338 342 332 
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Figure 27: PASP Plus Ram Angle During Five Orbits on Day 94235 

'able 13: Temperature Ranges of Biased PAS Plus Cells on Days 95033-95108 
Module #1 #2 #3 #4     #5 #6 #8 #11 #14 #15 

Minimum, K 225 225 187 250    193 250 199 248 273 255 
Maximum, K 329 329 358 365    356 365 330 339 342 335 

four electric field transient pulse monitors and one in-line current sensor. The data from 

these monitors is returned for one second intervals. The number of pulses in each second 

are counted, and the pulse with the largest amplitude is characterized in terms of maximum 

positive and negative amplitudes, derivatives, and integrals. Because the rise and fall of 

the bias on the cells show up in the first and last seconds, the first two and last seconds of 

bias were not considered during the data analysis. Further discussion of the data will be 

conducted in Chapter 6. 
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Figure 28: APEX Orbital Velocity During Five Orbits on Day 94235 
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Figure 29: PASP Plus Ion Flux During Five Orbits on Day 94235 
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Figure 30: EWB Simulated Plasma and Neutral Densities 
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Figure 31: PASP Plus Cell Temperatures During Two Orbits on Day 94235 
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Figure 32: PASP Plus ESA Flux During One Orbit on Day 94235 
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Chapter 5 

PASP Plus Arc Rate Simulations 

The arc rate simulation described in Chapters 2 and 3 was run both pre- and post-flight 

for the conventional geometry solar cell modules on PASP Plus. The pre-flight simulations 

were conducted using environmental parameter values generated using the Environmental 

Workbench (EWB) software from S-cubed, assuming the 360x1950 km, 70° baseline orbit. 

The cell temperature range used was 215 K to 285 K, which had a much lower maximum 

temperature than was seen during the actual experiment. The simulation was run using 

the values for the environmental parameters that were either most or least conducive to 

arcing, listed in Table 14. The values of the parameters used were for ram, since the initial 

plan was to first bias only within ±20 minutes of maximum ram conditions. Two sets of 

simulations were run: one using the minimum and maximum conditions, and one set using 

EWB generated data for one second intervals. The second set was done to simulate the 

actual experiment throughout the first eight days of negative biasing, at ±20 minutes of 

ram. 

The simulations were then re-run post-flight as soon as the initial negative biasing data 

was processed, using the environmental parameters and cell temperatures measured during 

the experiment, where available, listed in Table 15. The EWB generated values of ion mass, 

neutral density, and neutral temperatures were again used, since they were not measured 

during the experiment. A maximum plasma density of 3.5 x 10nm-3 was used, since the 

Table 14: Pre-Flight Environmental Parameters for Minimum/Maximum Arcing 

Condition Plasma 
Density 

Electron 
Temp. 

Ion 
Mass 

Orbital 
Velocity 

Neutral 
Density 

Cell 
Temp. 

Minimum 2.8 x 10am-a 0.0715 eV 2.64 x lO-^kg 6536.79 m/s 6.85 x lO^m-5 285.0 K 

Maximum 3.5 x W^m.-6 0.347 eV 2.21 x lO-^'kg 8083.78 m/s 3.18 x 1014m-J 215.0 K 
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Table 15: Post-Flight Environmental Parameters for Minimum/Maximum Arcing 

Condition Plasma 
Density 

Electron 
Temp. 

Ion 
Mass 

Orbital 
Velocity 

Neutral 
Density 

Minimum 1. x 10sm-'J 0.023 eV 2.64 x lO-^kg 6195 m/s 6.85 x W^m-6 

Maximum 3.5 x 101Im-'4 0.85 eV 2.21 x 10_2'kg 8211 m/s 3.18 x lO^m--1 

Table 16: Temperature Ranges of Biased PASP Plus Conventional Cells 

Module #1 #2 #4 #5 #6 #11 
Minimum, K 231 231 255 205 255 253 
Maximum, K 311 311 329 333 329 323 

experimental data above 2 x 10nm~3 is unreliable. The cell temperatures used are given 

by Table 16, which are the ranges seen during the first day of negative biasing (day 94234). 

The maximum temperature corresponds to the minimum arcing condition, and vice versa. 

5.1    Pre-Flight Simulations 

The pre-fiight simulations were run using the parameters described above and the bias 

sequences given by Table 391. Simulations were run to find the maximum and minimum 

arc rates expected during the initial phase of negative biasing, as well as to simulate the 

actual experimental operations of PASP Plus. 

5.1.1    Pre-Flight Arcing Ranges 

A set of simulations were run to determine the expected arcing of the conventional geometry 

cells under the orbital conditions for maximum and minimum arcing in ram. The parameters 

used are listed in Table 14. 

In the simulations, 100 trials were run at each bias voltage for the two sets of conditions. 

The resulting range of arc rates for the conventional cells are shown in Figure 33. The upper 

curves show the maximum rates seen, while the lower curves show the minimum. For each 



cell, minimum rates of at or near zero arcs/second occurred for the entire voltage range, 

while the maximum rates varied from 0.56 to 4.3 arcs/second. The large area between the 

two curves represents the high scatter that was anticipated in the data. The data points in 

the graphs are all of the actual flight data (approximately 4000-5000 points per module). 

The points were plotted regardless of ion flux or cell temperature in order to show the total 

range of arc rates seen in the experiment. Figure 35 shows the effect of the emission site 

density on arcing levels. Simulations were run with all parameters identical to the those 

for the pre-flight simulations, except the emission site density was increased by a factor 

of three, on the standard silicon module #2. As seen, this results in a much higher arc 

rate. The standard silicon modules on PASP Plus were manufactured in 1984 and are 

suspected of having a higher emission site density than newer cells. This could explain the 

slight underprediction of the arcing for these modules. Considering this effect, as well as 

the fact that all of the pre-flight environmental parameters were estimated, the simulations 

predicted the arcing on PASP Plus fairly well. For example, the bulk of the flight data lies 

within the predicted range for module #1, with only 42 out of 4972 points (less than 1%) 

outside the range. 

In the pre-flight simulations, the thin cells (APSA and thin GaAs/Ge) showed the 

highest rates, as expected. The predictions for the silicon cells in modules #1 and #2 

show that the arc rate should depend on the number of cells, which is expected since more 

cells results in a larger number of correlated areas in which arcs can occur independently. 

This is also evident by examining the rates from the two thin GaAs modules #4 and #6. 

In these simulations, as well as the second set of simulations conducted to represent the 

actual on-orbit experiment, it was found that at low cell temperatures, most of the arcs 

were big arcs, while at high temperatures they were mostly, or solely, small arcs. This is 

expected since at the high temperatures there is not a sufficient surface neutral density to 

be desorbed to lead to breakdown, whereas at low temperatures there is. The pre-flight 

simulations did a reasonable job of predicting the experimental arcing activity, considering 

that all of the parameters used in the simulation were estimates. The analysis of the flight 

data will be conducted in the next chapter, where the influence of voltage, ion flux, and cell 

temperature will properly be taken into consideration. 
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Table 17: PASP Plus Conventional Cell Pre-Flight Simulated Onset Voltages 

Module 1    Module 2 Module 4 Module 5 Module 6 Module 11 
Onset Voltage        -180            -180 -125 -125 -125 -200 

Figure 34 show the range of probability of arcs occurring that was expected for the 

experiment. These probabilities are the percentage of trials in which at least one arc oc- 

curred. The upper curves show the probability of arcing under maximum conditions, while 

the lower curve shows the probability under minimum conditions. Thus, the actual prob- 

ability of arcs occurring during the experiment lie between these curves, depending on the 

actual environmental conditions. During the actual experiment at voltages for which the 

probability is greater than zero but less than one, it is expected that arcing may occur in 

some trials and not in others. For a given bias voltage, it can be seen that the environ- 

mental conditions can greatly affect the chance of arcing. For example, at -500V the thick 

GaAs/Ge cells (module #11) experienced arcing in nearly 100 percent of the trials under 

maximum conditions, but arced in less than 60 percent of the trials under the minimum 

expected conditions. The thinner cells showed higher probabilities of arcing than the thick 

cells in addition to having higher arc rates. 

By examining the results from the trials at maximum arcing conditions, expected onset 

voltages could be found. The voltages represent the level at which arcing was first seen to 

occur on the cells. Below these levels, no arcs occurred in any of the trials. The simulated 

arcing onset voltages for the cells are shown in Table 17. Again, it should be emphasized 

that these simulations assumed ram conditions. In the wake, the much lower ion and neutral 

densities would result in no arcing until the ram angle approached 90°. 

5.1.2    Pre-Flight Orbital Simulation 

The next set of simulations consisted of simulating the actual experimental operation of the 

PASP Plus conventional cells during the initial biasing phase. Using the sequencing listed 

in Table 18, along with orbital data generated with EWB, the cells were biased for ±20 

minutes of ram.   With approximately thirteen orbits per day, this resulted in a database 
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Table 18: PASP Plus Pre-Flight Simulation Bias Sequencing 

Seq No. StepO Step 1 Step 2 Step 3 

1 (Days 1,2) -75 -100 -125 -150 

5 (Days 3,4) -160 -180 -200 -220 

6 (Days 5,6) -240 -260 -280 -300 

3 (Days 7,8) -360 -400 -450 -500 

of approximately 1000 simulated bias steps being conducted each day. Each of these step 

simulations were done using the environmental data generated for the appropriate portion 

of the orbit. This database was then used to develop software using the Interactive Data 

Language from Research Systems, Inc. to be used to find correlations between arc rates and 

the various environmental and operational parameters. 

For example, by scanning through the data for points of constant ion density, neutral 

density and cell temperature, a fit to the arc rate versus voltage similar to that found by 

Ferguson for the PIX II data 25, discussed in Chapter 1, was done, given by the equation 

R = C1ne{-V) Ci (93) 
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where ne is the plasma density and C\ and C2 are coefficients found by the fit. An example 

of this is shown in Figure 36 for the silicon cells in array #2, which had approximately the 

same cell area as the PIX II cells. In the fits, the power of the voltage is on the order of 3, 

matching the results found by Ferguson, and the premultiplier from the fit was 9.71 x 10~20, 

compared to 2.22 x 1(T20 for the PIX data. 
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Figure 36: Voltage Power Law Fit to Array #2 Pre-Flight Arc Rate 

Another type of correlation between arc rate and voltage is motivated by the model 

used in the simulations. Because of the need to numerically calculate the charging times 

for the arcs, a closed form equation for the arc rate is not given by the model. However, by 

assuming a constant secondary electron yield, a form of the solution is implied by Eq. (37). 

It should be noted that this equation is combination of a linear function of Ve and an 

exponential function of Ve, where Ve is the voltage which the dielectric charges up to when 

EFEE charging is initiated, and not explicitly a function of the bias voltage. Neglecting this, 

and assuming that the exponential term of the equation was dominating for low voltages, 

fits were made to the data with the form 

R = Clexp(C2/Vbia8) (94) 
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where C\ and C2 are the coefficients found by the fit. Based on the typical values of the 

parameters in Eq. (37), Cx is expected to be on the order of 10-15, while C2 is expected to 

be on the order of -10000. An example of this fit, using the same simulated data as for the 

fit above, is shown in Figure 37, with a resulting fit of R = 5.97exp(-1100.7/lfc„)- The 

coefficients found from the fit do not match those expected from Eq. (37). This is because 

the fit is done assuming these coefficients are constant with respect to voltage, which is 

not the case. For example, the average value of the factor ß of the sites that arc, which 

appears in both coefficients, is a function of voltage, since at higher voltages sites with lower 

enhancement factors will show EFEE runaway. Figure 38 shows the variation in the average 

enhancement factor value with bias voltage from simulations for the standard silicon and 

APSA cells on PASP Plus. Both of these clearly show a decrease in average ß as voltage 

increases. Also, because the form of the fit is exponential, the first coefficient is extremely 

sensitive to the coefficient within the exponent. Thus, a change in an order of magnitude 

in C2 would cause C\ to differ by many orders of magnitude. 
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Figure 37: Voltage Exponential Fit to Array #2 Pre-Flight Arc Rate 
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5.2    Post-Flight Simulations 

A set of simulations were run after experimental data had been returned, using environ- 

mental parameters seen by PASP Plus, given in Table 15. And, more importantly, the cell 

temperatures of the cells during the experiment were used as inputs for the simulations, 

listed in Table 16. For the minimum temperatures, the APSA array was 10 K colder than 

the pre-flight estimate of 215 K, while the remaining cells were from 16 to 40 K hotter. In 

sunlight, however, all of the cells were much warmer than the pre-flight simulation's 285 K. 

The standard silicon cells were coolest in sunlight, at 311 K, whereas the remaining modules 

ranged from 323 to 333 K. As seen in Figure 18, at 285 K the APSA cells would be expected 

to arc at even relatively low neutral densities, whereas arcing would only be expected at 

very high ambient neutral densities for a cell temperature of 333 K. From Figure 15, the 

temperature effect on arcing levels of the remaining cells is similar than that of the APSA 

cells. During these simulations, only big arcs were counted, since it is believed that the 

TPMs would most likely not be able to detect small arcs. Figure 39 shows the results of 

the post-flight simulations with the cells at the maximum temperatures in Table 16. The 
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neutral density for the maximum arcing condition in these simulations was 3.18 x 1014m~3, 

which is the maximum density from the EWB generated environmental data for the APEX 

orbit. As discussed in Section 3.3, as the neutral density is decreased, lower arcing would be 

expected at the higher cell temperatures. Also shown in the graph are the flight data points 

with temperatures four degrees colder than the temperatures in the simulations, ±3%, since 

there are very few data points at the temperature extremes themselves. Figure 40 shows 

the results of the post-flight simulations using the minimum temperatures from PASP Plus 

in Table 16, along with flight data points four degrees warmer than the temperatures in the 

simulations, ±3%. In both cases, the simulations predict the arcing activity well. The thin 

GaAs/Ge modules showed less arcing than expected, however. This could possibly be due 

to a lower emission site density, which the arcing rate was shown above to be very sensitive 

to. Also, the arcing levels near the critical temperature are more difficult to predict, since 

at this point the arcing becomes very sensitive the parameters such as neutral density and 

the desorption yield. 

In the next chapter, a detailed analysis of the flight data will be conducted. The corre- 

lations between arcing and the environmental and operational parameters will be examined 

for each of the modules, and further comparisons to simulated results will be made. 
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Chapter 6 

PASP Plus Flight Data Analysis 

In this chapter, the PASP Plus flight data will be examined to determine correlations be- 

tween the arcing rates of the various modules with the environmental variables, operational 

parameters, and cell properties that are known for the experiment. From the model used 

in this work, the arc rate, defined as the inverse of the charging time, is expected to be a 

function of bias voltage, array area, dielectric thickness, ion flux, neutral flux, and surface 

temperature, as well as the various EFEE parameters. Thus, the arc rate can be expressed 

as R = Riyuas^array^dJiSn^Ts.EFEE). Correlations with these parameters will be 

examined, as well as possible dependencies on radiation flux, ram angle (which affects the 

ion flux), and transition into and out of eclipse. For a description of the experimental results 

regarding the positive biasing operation and the radiation degradation of the solar cells, the 

reader is referred to References 16, 17, 58, 23, 19. 

6.1    Statistics and Uncertainty 

In the PASP Plus experiment, the modules to be tested were individually biased to fixed 

voltages for 23 second periods. Because the step up and down in voltage was detected by 

the sensors, the pulses in the first two seconds and last one second were not counted. Thus, 

twenty seconds of TPM data were attained for each bias step. Only pulses detected by the 

TPM nearest the biased module were counted as arcs. The arc rate for the step was then 

found by dividing the sum of arcs counted during the step by the twenty second experiment 

duration. Much of the analysis in this chapter will be done on averaged arc rates. When 

examining arc rate variation with bias voltage, the arc rates at each of the fixed voltages can 
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be averaged. However, when examining arc rate variation with ion flux or cell temperature, 

which could not be set to distinct fixed values during the experiment, the data is first binned 

and then averaged. On all of the graphs involving averaged data, the mean and associated 

error bars are shown. Two methods were used for determining the values for the error: 

Gaussian statistics and Poisson statistics. Both of these methods assume that statistical 

fluctuations, rather than uncertainties in the TPMs themselves, dominate the dispersion of 

the measured arc counts. Because the pulse counts, and not arc rates, are the measured 

values, the statistical analysis must be done on the count measurements first, which can 

then be divided by the experiment duration to give values in terms of arc rate. 

If more than one data point is present at a given value for the independent parameter, 

Gaussian statistics were used to determine the average (i.e. mean) and standard deviation. 

For N measurements of a parameter x taken from a Gaussian parent distribution, the mean 

of the measurements is given by10 

x = — ^Xi (95) 

and the appropriate measure of dispersion of the observations is given by the standard 

deviation 

~ (96) * = )J jr-tZte - *r- 
Thus, the average arc count can first be determined, along with the associated standard 

deviation. These values are then divided by the experiment duration texp to give an average 

arc rate and corresponding standard deviation in the rate. 

If there is only one data point at a given value of the independent parameter, the error 

cannot be given by Eq. (96) because of the factor N — 1 in the denominator. For this 

case, Poisson statistics can be used for small numbers of counts. For a statistical process, 

random measurements can be expected to distribute themselves in a Poisson distribution. 

As the number of measurements becomes infinitely large, the Poisson distribution becomes 

indistinguishable from the Gaussian distribution. The mean of the measurements from a 

Poisson distribution is also given by Eq. (95), while the standard deviation is given by 

a = y/x. If only one measurement x is available, we are forced to use s/x as an estimate 

for the standard deviation. Thus, while the uncertainty increases with the measured value, 
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Table 19: 68% Confidence Intervals on Small Numbers 

X mmin l^max 

0 0 1.14 
1 0.16 1.80 
2 0.70 3.30 
3 1.30 4.60 

>3 X — y/x X + sfx 

the relative uncertainty, ajx = 1/y/x, decreases with increasing x. For very low arc counts, 

the method used by Ferguson in the analysis of the PIX II flight data was used to 68% 

confidence intervals for the error bars when only one data point was available, given in Ta- 

ble 1925. As the measured value increases above 10, the relative uncertainty from Poisson 

statistics becomes small and no longer accurately represents the uncertainty in the exper- 

iment. However, most of the counts in the PASP Plus experiment were small, so Poisson 

statistics were used when necessary. In the graphs, error bars calculated using Gaussian 

statistics are shown as solid lines, while error bars found using Poisson statistics are shown 

dashed. 

The second type of uncertainty in experiments is instrument uncertainty. As noted 

above, it has been assumed that the instrument uncertainty in the TPMs is small compared 

to the statistical uncertainty, so that the standard deviation given by either Gaussian or 

Poisson statistics gives a 68% confidence level for the arc counts. Examination of the 

Langmuir probe data showed differences as much as 50% in density between two consecutive 

measurements, so a 50% tolerance was placed on both ion density and ion flux, assuming that 

the uncertainty in the ram angle was relatively small, when searching for points of constant 

ion density or ion flux. When finding points of constant cell temperature, a tolerance 

of 3% was used. This tolerance was not based on the uncertainty of the temperature 

measurements, which is assumed to be small, but on the sensitivity of the arcing activity 

to cell temperature. The tolerance on the bias voltage was set to 2% based on the accuracy 

of the power supply in biasing to the predetermined voltages in the bias sequences. The 

ambient neutral density, which is a key parameter in determining the arc rate, was not 

measured during the PASP Plus experiment. This results in an extra uncertainty in the 

data analysis, since points that are being compared may have been taken at significantly 
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different neutral densities. 

6.2    Arc Rate Dependency on Bias Voltage 

The axe rate of solar arrays biased to high negative voltages is given by the inverse of the 

charging time, given by Eq. (37), times the ratio of array area to discharge wave area. The 

arc rate expected for an array can then be given by 

p _     -A-array/■^■wave  /n-7\ 
(ve-{varc-^-))CfTmt ~7~2 (97) 

Thus, setting all parameters but the bias voltage constant, the arc rate can be written as 

R = 
foC0VHas + hCx exp(f2C2/Vbias) 

(98) 

where C0 contains the premultiplier in the ion charging time and the array area/discharge 

wave area ratio, Cx contains the premultiplier in the EFEE term and the array area/discharge 

wave area ratio, C2 contains the premultiplier of Ve inside the exponent in the EFEE term, 

/o relates the voltage drop across the dielectric after an arc to the bias voltage, fi relates 

the variation of the terms in the EFEE premultiplier (primarily ß) to bias voltage, and f2 

relates ßVe to. bias voltage. If it is assumed that the potential across the coverglass drops by 

a constant fraction C3 of the bias voltage, the premultiplier of the EFEE term is constant, 

and Ve = C^bias, Eq. (98) can be rewritten as 

R = 
CoVww + dexpCCz/Vw«) 

(99) 

where C0 has incorporated C3 and C2 has incorporated C4. At low bias voltages, the EFEE 

term will dominate the charging process and the ion charging term can be neglected, further 

simplifying the equation for arc rate to 

R = 
ciexp(C72Afctt,) 

(100) 
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Figures 41-50 show the Variation in axe rate with bias voltage for each of the biased modules 

in the experiment, with eclipse temperatures. Because the TPM threshold was changed, the 

data for days 94234-94308 are shown separately from the data for days 95033-95108. The 

data for the low days are points at an ion flux of 1 x 1014/m2s (except for the concentrator 

modules, which have an ion flux of 1 x 1013/m2s, since there were no data at the high flux). 

The data for the high days are at an ion flux of 1 x 1013/m2s. The data for the conventional 

cells was fit using a non-linear least squares method with Eq. (100). While the shape of 

this form fits the data well and models the onset characteristics accurately, the coefficients 

do not match those expected from the model. This is because in performing a fit, all other 

parameters are assumed to be constant. This, however, is not the case, since parameters 

such as the enhancement factor are seen to vary greatly with bias voltage in the simulations. 

The standard silicon arrays #1 and #2 show the highest arcing activity. As mentioned 

previously, these arrays were produced in 1984 and may have a much higher emission site 

density than the newer cells. The wrap-through-contact modules #3 and #8 show some 

arcing activity, although less than the conventional geometry cells. The concentrator mod- 

ules #14 and #15 also show a small amount of arcing activity, although at rates low enough 

to possibly be noise. On all of the conventional geometry cells, there is a definite increase 

in arc rate with increasing bias voltage. 
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Figure 43: Arc Rate Variation with Voltage for Silicon WTC Module #3 
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Figure 44: Arc Rate Variation with Voltage for Thin GaAs/Ge Module #4 
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Figure 46: Arc Rate Variation with Voltage for Thin GaAs/Ge Module #6 
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Figure 47: Arc Rate Variation with Voltage for GaAs/Ge WTC Module #8 
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Figure 48: Arc Rate Variation with Voltage for Thick GaAs/Ge Module #11 
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Figure 49: Arc Rate Variation with Voltage for Mini-Cassegrainian Module #14 
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Figure 50: Arc Rate Variation with Voltage for Mini-Dome Module #15 
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Table 20: Simulated and Experimental Arcing Onset Voltages 
Array Simulated Onset Voltage Experimental Onset Voltage 

(1,2) Standard Silicon -160V -160V 
(3) Silicon WTC N/A -160V 

(5) APSA -100V -75V to -125V 
(4,6) Thin GaAs/Ge -120V -125V 
(8) GaAs/Ge WTC N/A -260V to -300V 

(11) Thick GaAs/Ge -180V -180V 

6.2.1    Onset Voltage 

At high ion fluxes, the total charging time will be dominated by the EFEE charging time, 

and the arc rate can be given by Eq. (100). The EFEE charging time will then determine 

the threshold voltage at which arcing will begin. The charging time, as a function of bias 

voltage, is given by the form 

Tchrg = Ci exp(C2/VHas) (101) 

For any finite experiment duration, there will exist a voltage below which the charging time 

exceeds the experiment duration, at which point no arcing will be seen. This is illustrated 

in Figure 51, with the experiment duration of 20 seconds chosen to match the length of the 

biasing steps on PASP Plus. Onset voltages were found using both the flight data and the 

simulations, which are summarized in Table 20. Simulated onset voltages could be found 

only for the conventional geometry cells. To find onset voltages in the simulations, a cell 

temperature of 200 K, an ion flux of 3.5 x 10n/m2s, and an experiment duration of 60 

minutes were used as extreme values. The very low arcing activity on the concentrator 

arrays makes determining an onset voltage problematical. As seen from the table, the 

simulations predict the onset voltages very accurately. The onset voltages observed during 

the experiment are a significant finding by the PASP Plus experiment, since previously it 

was believed by the space power community that solar arrays could be operated up to -300V 

before arcing would become a concern23. This experiment has shown that arcing is an issue 

at much lower voltages, which are at the level of current designs for the Space Station. 
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Figure 51: Onset Voltage Based on Experiment Duration and EFEE Charging Time 

6.2.2    Area Scaling 

From Eq. (97), it can be seen that all else being equal, the arc rate is expected to scale 

linearly with array area. Thus, it would be expected that module #1 would have an arc rate 

one third that of module #2. If the arc rate for an array of area A, is fit using Eq. (100), 

the scaled rate for a similar array of area Aj would be given by 

^     Ai^     ACliexp(C2i/^as) 
(102) 

Figure 42b shows the fit to the arc rate of the silicon module #2, which results in coefficients 

of Ci = 0.002677 and C2 = 2011.77. The scaled equation for silicon module #1 is then 

160cm2 1 _ 1  
1 ~ 480cm2 (0.002677exp(2011.77/VWas)) " 0.008031 exp(2011.77/VwM) 

(103) 

Figure 52 shows the fit to the arc rate data of silicon module #1, along with the scaled 

fit from Eq. (103). The solid line is the fit to the data for module #1, while the dashed 

line shows the scaled curve from module #2 given by Eq. (103). Both curves fit the data 

117 



equally well, confirming the linear area scaling. Thus, once the arc rate is known for given 

solar array, the expected rate for a similar array of different size can be determined from a 

simple area ratio scaling. A similar scaling was conducted on the two thin GaAs/Ge arrays 

(modules #4 and #6), which had an area ratio of 20 to 12. Scaling the fit to the data for 

module #4 in Figure 44d using Eq. (102) results in an expected rate on module #6 of 

it« = 
192cm2 1 

6      320cm2 (0.0628exp(2779.69/V6za5))      0.105exp(2779.69/Vbias) 

Again, the scaled curve fits data as well as the curve found by fitting the data directly 

(104) 
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6.2.3    Dielectric Thickness Scaling 

The thickness d of the solar array dielectric layer (i.e. coverglass and adhesive) is expected to 

be a key parameter in determining the arc rate. As the dielectric thickness is increased, the 

arcing rate is expected to decrease, since it is this thickness that determines the strength 

of the electric field in the region of the triple junction (E = -<j)/d).   However, a thicker 
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Figure 53: Area Scaling on GaAs/Ge Module #6 

dielectric also results in an increased mass. Thus, there exists a trade-off between an 

acceptable level of arcing and solar cell mass. The coefficients in Eq. (100) are both functions 

of the dielectric thickness d, with C\ being related to d through d{ given by Eq. (29). The 

coefficients for a cell of dielectric thickness d\ can be scaled to a cell of thickness cfo by 

1/271 

W2   —    7—rT72rrWi 
(105) 

C22    = §C* 

This scaling, however, assumes that the other parameters in Eq. (97) remain constant be- 

tween the two cells. Unfortunately, this is not necessarily the case. In particular, the average 

value of the enhancement factor ß of the emission sites that arc varies between cells. Since 

this parameter appears within the exponential term, it will strongly affect the arcing rate, 

and must be accounted for in order to scale between cells of differing dielectric thickness. 

Figure 54 shows the variation of ß with bias voltage for the thin and thick GaAs/Ge mod- 

ules obtained through the simulation. This shows that the average enhancement factor 

decreases with bias voltage for both arrays, and the average enhancement factor on the 
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thick cell is approximately 1.25 times that of the thin cell. Thus, the coefficients C\ and 

C2 can be scaled by this factor, ßf, to take into account the difference in the enhancement 

factor between the two cells.   Scaling the coefficients from the fit to the thin GaAs/Ge 
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Figure 54: Average Field Enhancement Factor Variation on GaAs/Ge Modules #4 and #11 

module #4 in Figure 44d using Eq. (105) and adjusting for the variation in the field en- 

hancement factor yields coefficients for the thick GaAs/Ge module #11 of C\ — 0.0176 

and C2 = 3313.39. Figure 55 shows a comparison of the scaled fit and the fit to the data 

itself. The scaled fit is somewhat lower than the fit to the data, but is still within the error 

bars. The large scatter in this data set makes the results somewhat inconclusive, but the 

dielectric scaling does appear valid. Unfortunately, in order to perform this scaling, the 

simulation must be run in order to determine the relationship between the average ß values 

for the cells being examined. Once this relationship is known, empirical data from a cell 

of one dielectric thickness can be scaled to predict arcing rates for a similar array with a 

different dielectric thickness. Thus, the trade between arcing and mass can be conducted 

either using the simulation itself to predict arcing rates, or by measuring arcing on one cell 

and then scaling for varying dielectric thicknesses. 

120 



0.15 

0.10 

C3 

OS 
o 

3 
0.05 

0.00 

i i i i i i i [i i '' i 

Cell Temperature=265.00 K 
Ion Flux (Plasma)=1.00e+13 /m2s 

l/(0.535exp(201U/VbJ) 
l/(0.141exp(3313.39/VbiJ) 

100 200 300 
Bias Voltage, -volts 

400    ,. gaasge.ll 500 

Figure 55: Dielectric Thickness Scaling on GaAs/Ge Module #11 

6.2.4    Work Function Scaling 

The work function 4>w of the interconnector determines the magnitude of enhanced field 

electron emission. Thus, cells will a lower work function will exhibit higher electron emission 

and, thus, have a higher arc rate. The work function affects the Fowler-Nordheim coefficients 

A and B in Eqs. (7) and (8). The coefficients from the fit using Eq. (100) can thus be scaled 

for cells with a different work function by 

d   =  lo^/v^T-^/v/^ 
'12 

C22    = (tS2.\ 
\0<n / 

1.5 
Cll (106) 

'2i 

Because no two modules on PASP Plus differ only in work function, this scaling cannot 

be tested independently. Instead, this scaling, along with the area and dielectric thickness 

scalings, were applied to scale the silicon module #1 fit to the APSA module #5 data. The 

cell properties for these modules are listed in Table 2. As well as having different thicknesses 

and work functions, these cells also have different dielectric constants and secondary electron 

yield characteristics. Also, as noted previously, the silicon cells are believed to have a higher 
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emission site density, which would result in a different ß variation between the two modules 

than was determined from the simulations. Thus, the scaling, which assumes that these 

properties are the same, are expected to yield somewhat incorrect results. Applying the 

scalings from Eqs. (102), (105), and (106) to the coefficients from the fit shown in Figure 41b 

yields coefficients for the APSA module of C\ - 0.168 and C2 = 1043.02. In performing 

these scalings, a value of 1.4 was used for ßf based on the simulation results shown in 

Figure 38. Figure 56 shows the scaled curve, along with the fit to the data itself. The 

scaled curve (shown as a dashed line) is somewhat higher than the fit, but still reasonably 

represents the arcing activity. The scalings were also applied to the silicon module #1 fit 

in Figure 41d. The resulting coefficients were C\ = 0.00138 and C2 = 2878.86. The scaled 

curve (dashed) and actual fit (solid) are shown in Figure 57. Again the scaled curve is 

somewhat high, but still reasonably describes the arcing rate. Thus, all of the scalings can 

be applied to the results of testing a single module to estimate the arcing rates on arrays 

with different areas, dielectric thicknesses, and interconnect work functions. 
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Figure 57: Dielectric Thickness, Area, and Work Function Scaling on APSA Module #5 
(Days 95033-95108) 

6.3    Arc Rate Dependency on Cell Temperature 

As discussed in Section 3.3, the cell temperature is a critical factor in determining the 

possibility of breakdown and arcing once EFEE runaway has occurred. Shown in Figure 18, 

high levels of arcing are expected when the cell is coldest and there is a large adsorbed 

neutral density. As the cell temperature increases, the arcing will sharply decrease until at 

some critical temperature there will not be a sufficient neutral density to allow breakdown 

and the arcing rate will drop to zero. This critical temperature is a strong function of the 

ambient neutral density and bias voltage. Because the neutral density was not measured 

during the PASP Plus experiment, the effect of neutral density cannot be examined directly. 

However, the ambient neutral density and plasma density are roughly correlated, as shown 

in Figure 30. Thus, it will be assumed that the neutral density will be higher at points 

of high ion flux. The importance of the neutral density is shown in Figure 58, which 

shows the critical ambient neutral density needed for breakdown at various bias voltages 

and cell temperatures, with an assumed desorption cross section QESD of 1 X 10~   m , 
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for the APSA cells. The horizontal dashed lines show the maximum and minimum neutral 

density for the APEX orbit generated using the EWB software. This shows that the cell 

temperature and expected neutral density regime of the experiment are in the area where 

neutral density and cell temperature dependencies would be expected. If, for example, data 

was gathered over the entire density range at -300V and 220K temperature, it would be 

expected that there would be arcing only above a density of approximately 1 x I0n/m3, 

while at 250K arcing would only be expected to occur at points above 1 x 1013/m3. At 

approximately 275K, the neutral density needed for breakdown exceeds that expected for 

the experiment, at which point no further arcing would be expected at increasing cell 

temperatures. In this chapter, the method of analysis is to examine the variation of arc 

rate with one parameter while keeping the remaining parameters constant. Because points 

of constant neutral density cannot be found, the varying neutral density for the points of 

constant voltage, cell temperature and/or ion flux examined in this chapter can result in a 

large scatter in the data. 

10 20 

-100 Volts 

250 300 
Cell Temperature, Ts, K 

350 

Figure 58:   Expected Critical Ambient Neutral Density Variation with Temperature for 
Varying Bias Voltages for the APSA Module #5 

Figures 59 and 60 show the variation in arc rate with cell temperature for the silicon 

module #1 during days 94234-94308.   In Figure 59a, which is at -300V and an ion flux 
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of 1 x 1013/m2s, there is some arcing up to approximately 270K, beyond which no arcs 

occurred. In Figure 59b at the same voltage and an order of magnitude higher ion flux, 

some arcs occur at the high temperatures, although most of the data points show no arcs. 

Figure 59c, which is at another order of magnitude higher ion flux, there is only data present 

at the high temperatures, since the ion density is highest during sunlight. At this point, 

most of the trials still show no arcs occurring. 

In Figure 59d, the bias voltage is now -340V. Again, at the low ion flux, arcing occurs 

only at the cold temperatures. Once the high ion flux is reached, arcing is occurring in over 

half of the trials. Figures 60a-c show the arcing variation with cell temperature at -380V. 

At this voltage, arcing occurs often at the low temperatures. At the high ion flux, which in 

this case is only 5 x 1014/m25, arcing occurs in almost every trial at the high temperatures. 

Figures 60d-f show the data at the highest voltage, -430V. At the low ion flux, arcing 

occurs in all but one trial below 270K, but only once (possibly) above 270K. However, at 

only half an order of magnitude higher ion flux, large amounts of arcing occur over the entire 

temperature range. And at an ion flux of 1 x 1014/m2s, arcing occurs during every trial 

regardless of temperature. Thus, there is clearly a dependence of arcing on cell temperature, 

which is also dependent on both the ion flux and bias voltage. As bias voltage and/or ion 

flux increases, so too does the critical cell temperature and the possibility of breakdown. 

The APSA module #5 has shown the highest sensitivity to cell temperature during the 

experiment. Figure 61 shows the arc rate variation with cell temperature for the APSA 

module at -300V and an ion flux of 1 x 1013/m2s on days 95033-95108. Arcing activity is 

seen only at the low temperatures. Because the APSA cells are thin, and the module was 

mounted over a cut-out on the Deployed Panel, the temperature rise time is very fast. Thus, 

there is little data in the transition temperatures. Figure 62 shows the variation of arc rate 

with cell temperature for the APSA module at all ion fluxes and both sets of days, with a bias 

voltage of -300V. Except for two single arc points, there is no arcing above approximately 

230K. Since during operation the cells will only be operating in sunlight, there should not 

be arcing on this type of cell during most of the orbit. However, as the cells exit eclipse, 

they will still be cold and will arc. As they heat up, the cells will thermally desorb neutrals, 
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Figure 59: Arc Rate Variation with Cell Temperature on Module #1 at -300V and -340V 
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Figure 60: Arc Rate Variation with Cell Temperature on Module #1 at -380V and -430V 
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which will further enhance the desorbed neutral cloud over the triple junction and increase 

the chance of breakdown. This effect was seen during the experiment, when increased arc 

rates were measured on both the silicon and APSA modules during the eclipse-sunlight 

transition periods76. 
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Figure 61: Arc Rate Variation with Cell Temperature on APSA Module #5 at -300V and 
1 x 1013/m25 ion flux (days 95033-95108) 

Figure 63 shows the cell temperature variation of the averaged arc rate data for the 

silicon modules #2 and #5. Graph a shows the results for silicon module #2 on the low 

days at -300V and an ion flux of 1 x 1014/m2s. At low temperatures, there is a high level of 

arcing, which does not seem to be dependent on the temperature. At the high temperatures, 

the arcing rate has dropped to near zero. Graph b shows the results for the same module 

on the high days at -360V and an ion flux of 1 x 1013/m2s. This graph has the same form 

as seen in the simulation, shown in Figure 18. At the lowest temperatures, the arc rate is 

high and relatively steady with increasing temperature. At approximately 245K, however, 

the arc rate quickly drops, and is zero at the high temperatures. Graphs c and d show 

similar results for the APSA module #5 at -300V on both sets of days. Although there 

are fewer data points for this module, there is clearly arcing only at the low temperatures. 
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Figure 64 shows similar results for the thin and thick GaAs/Ge modules #4 and #11. These 

modules also show much more arcing activity at the low cell temperatures than at the high 

temperatures. 

The temperature dependence seen during the experiment is an important validation of 

the model. The other two models proposed to explain solar array arcing78- 97 both have 

no cell temperature dependence. This temperature dependence supports the theory that 

adsorbed neutral gas is desorbed during the charging process and breaks down during the arc 

discharge. Because the ambient neutral density was not measured, the critical temperatures 

for arcing on each module cannot be properly determined. However, from Figure 62, the 

APSA module appears to have a critical temperature of 230K at -300V. From Figure 59, 

the standard silicon cells have a critical temperature of approximately 280K at -300V and 

an ion flux of 1 x 1013 /m2s. 
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Figure 63: Arc Rate Variation with Cell Temperature for Silicon Modules #2 and #5 
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6.4    Arc Rate Dependency on Ion Flux 

Another important parameter in determining the arcing rate on a high voltage solar array 

is the ion flux to the front surface of the array. This flux determines the ion charging time, 

which, along with the EFEE charging time, determines the interval between successive arcs 

within the radius of a discharge wave. The ion charging time is given by 

enevionAce[[ cos a 
Tirm. =  -^^  (107) 

The term [Ve - (Va - cfQ )] is the drop in potential AV across the coverelass due to the 

arc discharge. This is the potential which must be built back up by the incoming ions. The 

front surface capacitance is given by 

/~*f **-C&ll 

fr°nt = di/OWdJ+'feA^W.fe) = (<fi/edl) + (d2erf2) 
(108) 

The ion flux is given by F{ = nevion cos a. Thus, the ion charging time can be rewritten as 

AV 

eT„ 
(109) 

Note, the cell area cancels out in the equation, and thus the ion charging time is not a 

function of cell area. The implicit assumption in this is that the surface charge is discharged 

evenly by the discharge wave, or at least that the charge is recharged by incoming ions in 

the same spatial distribution as it is discharged. On average, this is a valid assumption, 

since otherwise charge would continue to build or be depleted, which would eventually either 

draw in the discharge wave, or stop the wave from spreading. 

Given two arcing rate data points at different ion fluxes, but at the same bias voltage, 

the potential drop AV may be determined. Since the EFEE charging time is not a function 

of ion flux, the EFEE charging times for the two points will be the same. Thus, subtracting 
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the two total charging times yields 

r2 ~ Tl     —     (rJ07i2 + Te/ee2) 
— vioni + Tefeei) 

_ AV _ AV 

«*(%+%)  M%+%) (110) 

AV ( J. 1_\ 
U2     TiJ 

Therefore, given two charging times T\ and r2 and their corresponding ion fluxes T^ and 

Ti2, Eq. (110) can be solved for AV as 

e(r2-r1)(^ + ^) 

I\2       rix 

Figure 65 shows the arc rate variation with ion flux at a cell temperature of 245K and bias 

voltage of -300V. In order to determine the potential drop during an arc, two arc rates need 

to be chosen at different ion fluxes. A fit suggested by the model of the form 

was used. However, since only points with a non-zero arcing rate (and thus a finite charging 

time) can be used, only the non-zero points were fit, shown in Figure 66. From this fit, at 

an ion flux of 1.2 x 1013/m2s the arc rate is 0.05 /sec, corresponding to a charging time of 

20 seconds. At a flux of 2 x 1014/m2s, the arc rate is 0.5 /sec, and the charging time is thus 

2 seconds. Substituting these values into Eq. (Ill) yields a potential drop during the arc 

of 238.8V. Thus, the surface potential drops to -62.2V, which is near the measured value of 

on the order of -100V seen in ground experiments35. 

It should be noted that this method of estimating the potential drop is very sensitive 

to the arc rate and ion flux at the lower of the two ion fluxes, since these terms dominate. 

Typically, the point where one arc occurs is chosen, to try to make the difference in the ion 

fluxes greatest. Because points with only one arc have a high relative uncertainty, however, 

there is thus also a high uncertainty in the value of AV*. For example, Figure 67 shows a 

fit to the APSA module #5 at -300V at a cell temperature of 215K. Choosing an arc rate 

of 0.05 /sec at an ion flux of 4.5 x 1012/m2s and 0.145 /sec at 1 x 1014/m2s results in a 
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AV of only -45.7V. Although this is not completely unrealistic, it is lower than expected. 

So, although this does help confirm the model, it is difficult to produce accurate estimates 

for AV without more accurate data. 
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Figure 65: Arc Rate Variation with Ion Flux on Silicon Module #2 at 245K and -300V 

6.4.1    Critical Ion Flux 

For a finite experiment time rexp, there will exist a critical ion flux below which the ion 

charging time will exceed the experiment time. For ion fluxes below this critical flux, 

the electric field in at triple junction would not become sufficiently large to induce EFEE 

runaway, and no arcing would be expected. Neglecting the EFEE charging time, the critical 

ion flux can be determined by setting T^ = rexp in Eq. (107), so that 

' lcrit 
(AV)Cfront 

eAceUrt 
(113) 

exp 

Figure 68 shows a graph of the ion charging time variation with ion flux for the standard 

silicon cells biased to -300V, assuming that the potential drops from -300V to -100V after 

an arc occurs. For this case, the expected critical ion flux is approximately 1 x 1013/m25. 
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Figure 66: Ion Flux Fit for Silicon Module #2 at 245K and -300V 

If the EFEE charging time is not negligible, the critical ion flux will be greater than this 

value. Figure 69 shows the arc rate variation with ion flux for the silicon module #2. From 

graph a, for the low days, the critical ion flux appears to be approximately 3 x 1013/m2s, 

while the high days in graph c show a critical flux of approximately 4.5 x 1013/m2s. Thus, 

since the EFEE charging time is probably not negligible, the model accurately predicts the 

critical ion flux. However, it should be noted that at the low ion fluxes the neutral density 

will also probably be low, which could also account for the lack of arcing. 

It is important to emphasize that the critical ion fluxes seen in the PASP Plus experiment 

are for a 20 second experiment duration. If the modules are biased for a longer duration, 

a lower critical ion flux would be seen, as described by Eq. (113). Thus, for power systems 

operating in LEO, with typical sunlight durations on the order of 60 minutes, arcing could 

be seen at ion fluxes much lower than the critical fluxes seen in PASP Plus. From Eq. (113) 

with a 60 minute bias time, a critical ion flux of approximately 5 x 1010/m2s would be 

expected for the the standard silicon cells. During portions of the orbit, the satellite may 

not experience any eclipse, resulting in very long periods of continuous biasing. For these 

portions the orbit, infrequent arcing could be seen at very low ion fluxes. Therefore, if a 
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Figure 67: Ion Flux Fit for APSA Module #5 at 215K and -300V 

spacecraft has a zero tolerance for arcing, the power system should be operated below the 

onset voltage even at high LEO orbits, which have a low ion flux. 

6.4.2    Wake Effects 

When the ram angle is greater than 90°, the solar array modules are in the spacecraft 

wake. This could result in a much lower ion flux, depending on the wake angle, which 

would suppress arcing. Wake current collection was studied by Wang101 for charged plates 

at zero, small and large wake angles. Small wake angles are defined as o^ < 6>0, where 0O is 

the Mach angle given by 80 = sin-1^). The Mach number M is defined as M = v^m/Os, 

where Cs is the ion acoustic velocity Cs = y/KTe/mi. When a plate at a small wake angle 

• is biased to even a low voltage, a sheath structure develops on the plate. A presheath near 

the leading edge is able to collect a large current, while the trailing fully developed sheath 

region collects a much lower current. For the APEX orbit, the Mach angle is approximately 

7°-15°. Thus, if the ram angle is within approximately 15° of 90° (i.e. < 105°) and the side 

of the biased module is near the edge of the panel, the resulting presheath structure is able 
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Figure 68: Ion Charging Time for the Silicon Module #2 

to draw a significant flux of ions to the negatively biased array. For larger ram angles, a high 

voltage is required to generate a high ion flux. This is illustrated in Figure 70, which shows 

that the silicon module #2, which is near the edge, is able to receive a large ion flux at low 

voltages when slightly in the wake, and is able to receive a high ion flux at large ram angles 

when biased to several hundred volts. The reason that module #2 can arc in the wake at 

high voltages can be explained as follows87. In the wake, the plasma density is decreased. 

Thus, the potential structure generated by a high voltage module extends a considerable 

distance outward, crossing the wake boundary. This potential structure is able to deflect 

the ion trajectories, causing them to strike the module. If, at low wake angles and low 

bias voltages, the biased module is not near the leading edge, the collecting surface is not 

in the presheath as described by Wang101, since the front portion of the plate is unbiased. 

Thus, the current collected by the module in this case would be much lower. At low wake 

angles and high voltages, the potential structure is still able to attract ions from the wake 

boundary to the module, shown in Figure 71a, which will result in arcing. At high angles, 

however, the electric field at the wake boundary is too weak to draw ions to the module, 

shown in Figure 71b. This is the case for the silicon module #1, which is located more than 
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Figure 69: Arc Rate Variation with Ion Flux for Silicon Module #2 
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half of the panel width away from the leading edge, shown in Figure 20. Thus, it would be 

expected that module #2 would exhibit arcing up to ram angles of approximately 105° at 

low voltage and higher angles at high voltage, while module #1 should arc only in ram (i.e. 

a < 90°) at low voltage, and slightly into wake at high voltage. This is exactly what was 

seen during the experiment77. Figure 72 shows the arcing activity on the silicon module 

#2 during a portion of the orbit where the panel transitions from wake to ram. The lower 

half of the figure shows the TPM data. The module was seen to arc heavily at ram angles 

up 120°, and arced to a lesser degree even beyond this angle. Beyond 120°, the spacecraft 

was also in sunlight, causing the cells to be hot and further suppressing arcing. Figure 73 

shows a similar figure for the silicon module #1. In this case, arcing was not observed 

until the panel was at a low wake angle (a < 105°). Because operational solar panels on 

spacecraft have cells over the entire panel, the results seen for module #2 represent the 

expected arcing activity during wake operations. Thus, high voltage solar arrays operating 

in the -400V range can expect to arc heavily up to ram angles of approximately 120°, at at 

lower levels beyond that. 

The APSA module #5, also located in the middle of the Deployed Panel, showed wake 

effect similar to that of module #1, as seen in Figure 74. On this module, arcing also did 

not begin until the ram angle less than 105°. However, another interesting phenomenon is 

seen in the figure. When the panel reached a ram angle of approximately 85°, the arcing 

rate decreased significantly. The cell temperature at this point was very cold at this point, 

so arcing would be expected to continue. On possible explanation for the decrease in arcing 

is that the ambient neutral density was low and the dielectric side surface was thus unable 

to recharge the surface neutral density to a level sufficient for further arcing to occur. 

6.5    Radiation Effects 

The electrostatic analyzer on PASP Plus measured the ion and electron spectra in the 

30eV to 30keV range. The arc rate variation with both ion and electron counts were 

examined to test for a possible correlation between arcing and radiation flux. A hypothesis 
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for such a correlation is that the radiation deposits charge within the dielectrics, which 

would then alter the potential structure in the triple junction region and affect the arcing 

rate35. When examining the data, cell temperature, bias voltage, and plasma ion flux were 

all kept constant, since correlations between arcing and these parameters were all found 

to exist. Because the majority of the data was taken at low altitudes, where the plasma 

density was greatest, most of the data is at a relatively low radiation flux, making this study 

somewhat limited. Figure 75 shows the arc rate variation with ion and electron flux at -300V 

and 1 x 1013/m25 on days 95033-95108 for the silicon module #2. No obvious correlation 

is seen to exist for either ion or electron flux. Similar results are seen in Figure 76 for the 

APSA module #5 under the same conditions. Thus, the limited data from the PASP Plus 

experiment indicates no correlation between arcing and radiation flux. 

6.6    Summary of Results for Each Module 

6.6.1    Standard Silicon Module #1 and #2 

From the pre- and post-flight simulations, the standard silicon modules #1 and #2 were 

expected show moderate levels of arcing in both eclipse and sunlight, with arc rates of up to 

approximately 0.35 /sec and 1.0 /sec expected at -400V for modules #1 and #2 respectively. 

These simulations were performed assuming an emission site density of 1.5 x 107m~2, which 

was used for all modules. However, since these cells were produced in 1984, it is believed 

that the emission site density on modules #1 and #2 may be higher. When simulations 

were run with an emission site density of 1.5 x 108m-2, a much higher arc rate was seen. The 

actual site density is probably somewhere between the two values used in the simulations. 

During the experiment, arc rates near the simulated values were observed, with slightly 

higher levels of arcing being observed, most likely due to a high emission site density. Thus, 

this shows the importance of minimizing the number of emission sites on the interconnect. 

An arcing onset voltage of approximately -160V was found. The arcing on module #2 was 

approximately three times that of module #1, confirming an area scaling. These arrays also 

showed a temperature dependence for arcing, as expected. At low temperatures, high levels 
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of arcing were seen, while much lower arc rates were observed at high temperatures. During 

transition from eclipse to sunlight, when the cells are heating up and thermally desorbing 

neutrals and futher enhancing the neutral density above the emission site, substantially 

increased levels of arcing was seen. Thus, when actual satellites are operating at high 

negative voltages, arcing would be expected upon first entering sunlight, when the cells 

begin operating and are still cold. A critical temperature for arcing of approximately 280K 

was observed at -300V and 1 xl013/m25 ion flux, and 260K at -360V and 1 x 1013/m2s ion 

flux. These arrays also showed increasing arc rates with increasing ion flux. The location 

of these two modules allowed the effect of wake operation to be studied. Module #1, which 

located near the center of the panel, arced only at ram angles less than approximately 105°. 

Module #2, located near the edge of the panel, however, was able to draw in ions and arc 

even at higher angles. Since module #2 more accurately represents the geometry of actual 

solar panels on spacecraft, arcing would be expected in both ram and wake on LEO high 

voltage solar arrays. 

6.6.2    Silicon Wrap-Through-Contact Module #3 

Based on results of previous experiments, the wrap-through-contact cells were expected to 

show much lower arcing rates than the conventional geometry cells, with a relatively high 

onset voltage. During the experiment, the arcing rates on this module were much lower than 

on the conventional cells. However, arcing was observed at an onset voltage of -160V, which 

is much lower than expected. This voltage is the level to be used on the Space Station, 

which is using these WTC cells. Thus, arcing could be observed on the Station solar arrays. 

Beyond the onset voltage, the arc rate did not depend strongly on the bias voltage. Higher 

levels of arcing were typically seen at the low temperatures, as shown in Figure 77. 

6.6.3    APSA Module #5 

The very thin APSA cells were expected to show high levels of arcing, with rates up to 

approximately 0.8 /sec at -300V. During the experiment, high arc rates were observed, but 
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only at very low temperatures. Above approximately 230K, almost no arcing was observed. 

The array also showed an increase in arcing during eclipse-sunlight transitions. An onset 

voltage of as low as -75V was observed, with the rate sharply increasing with bias voltage. 

This array has shown that arcing can occur at relatively low bias voltages on cells with thin 

dielectric layers. However, if this type of cell were used on a spacecraft and the arrays were 

artificially heated above 230K before entering sunlight, arcing could be almost completely 

suppressed. 

6.6.4    Thin GaAs/Ge Modules #4 and #6 

The thin GaAs/Ge modules #4 and #6 were expected to show arcing rates comparable 

to module #5. In the experiment, however, these modules showed somewhat lower arcing 

levels than expected. Beyond the onset voltage of approximately -125V, arcing on the 

modules did show a strong voltage dependence. Like the two standard silicon modules, 

these modules showed an area scaling for the arc rates. These cells also showed the strong 

temperature dependence expected, with a critical temperature of approximately 31 OK at 

-300V and 290K at -430V. 

6.6.5    Thick GaAs/Ge Module #11 

Because of the thick dielectric layer, this module was expected to show much lower arc rates 

than the thinner conventional geometry cells. This is what was seen in the experiment, 

with an onset voltage of -180V. This array also showed a temperature dependence, with a 

critical temperature of approximately 280K. This module demonstrated that by increasing 

the dielectric thickness, the arcing onset voltage can be increased, and the subsequent arc 

rates can be lowered, compared to a cell with a thin dielectric layer. This shows the trade 

off with the mass of the array and the allowable arcing rate. 

144 



6.6.6 GaAs/Ge Wrap-Through-Contact Module #8 

Similar to the silicon WTC module, module #8 was expected to show much lower axe rates 

than the conventional cells, with a higher onset voltage. In the experiment, this module 

did show a much lower level of arcing, and with an onset voltage of approximately -260V. 

This onset voltage is significantly higher than that of the other modules, but is still quite 

low compared to previous experiments. The arc rate did increase slightly with bias voltage. 

The very low level of arcing made further depencies difficult to determine. 

6.6.7 Concentrator Modules #14 and #15 

Since the cells in these modules are shielded from the ambient plasma, these modules were 

not expected to show any significant arcing. The mini-cassegrainian module #14 showed 

possible arcs in only 24 out of 2957 experiments, all of which were only one or two arcs. There 

was no voltage dependence evident on this module. The mini-dome module #15 showed 

possible arcing in 53 of 3059 trials, with several of the trials showing rates on the order of 

0.8 /sec at the higher voltages. The very low number of trials showing arcing made further 

dependencies impossible to study. This experiment has shown that the concentrator designs 

are extremely resistant to arcing, with arcing rates that were typically at a low enough level 

to possibly be noise. 
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Chapter 7 

Conclusions 

As power demands continue to increase, solar cells will be operated at higher bias voltages 

to minimize mass and power loss during transmission. Since positive bias operation can 

result in a significant current leakage and power loss, negative voltage systems are desirable. 

Current systems have already increased bus voltages from the -28V typically used in the 

past to -33V to -51V, and the Space Station design calls for the arrays to reach a potential 

of -160V. However, at high negative voltages, arcing on the solar cells can occur, resulting 

in electromagnetic and optical noise, and solar cell and power system damage. Arcing has 

been observed on high voltage solar cells in both ground and flight experiments at voltages 

on the order of hundreds of volts. 

Using numerical and analytical analysis, Cho and Hastings developed a model to de- 

scribe the arcing onset process13. In this process, ambient ions first charge the front surface 

of the dielectric layer (i.e. coverglass and dielectric). Electrons from enhanced field electron 

emission on the interconnects then strike the dielectric side surface, releasing secondary elec- 

trons. This secondary electron emission further charges the dielectric, causing the EFEE to 

increase and eventually runaway. As the electrons strike the side surface, neutrals adsorbed 

to the surface are desorbed, forming a dense cloud over the region. If the neutral cloud 

density exceeds a critical value (approximately 6 x 1021m-3, ionization and arcing occurs. 

The resulting plasma cloud then discharges the dielectric surface, resetting the process. A 

semi-analytic computer code was written by Cho to predict arcing rates on high voltage 

solar arrays using this model. A version of this code, which neglected the neutral density 

criterion, was used by Mong62 to predict arcing rates on the SAMPIE and PASP Plus 

experiment. 
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In this work, the semi-analytic code developed by Cho was modified to be more phys- 

ically accurate and to allow experiments to be more realistically simulated by including 

experiment equipment limitations and by allowing the environmental data to vary in time. 

The determination of the EFEE charging time is done numerically to accomodate the volt- 

age dependence of the secondary electron yield. Also, the recharging of the neutral density 

is now modeled time accurately, as opposed to always using the steady state neutral density. 

This code was then used to simulate the arc rates for the conventional geometry cells 

biased during the PASP Plus experiment. This Air Force experiment was flown aboard 

the APEX satellite to examine the interactions of conventional, wrap-through-contact, and 

concentrator cell designs with the space plasma environment. Pre-flight predictions of the 

arcing activity were made with parameters generated using environmental models for the 

baseline APEX orbit. Post-flight simulations were then conducted using the actual flight 

data parameters. The simulations were found to accurately predict the arcing levels seen 

during the experiment. 

Analysis of the PASP Plus flight data was conducted to examine arc rate dependencies 

on the various material, environmental, and operational parameters. The results can be 

summaraized as follows: 

(1) The wrap-though-contact cells were found to arc, as predicted by Font et al.26, 

although less frequently than the conventional cells. The concentrator cells showed a much 

lower arc rate than either design, to the point to become almost indistinguishable from 

possible noise. 

(2) A strong dependency on bias voltage was found, as predicted by the model. Fits 

based on the model form were then made, which could then be scaled to account for dif- 

ferences in cell area, dielectric thickness, and work function. From this, it was verified that 

the arc rate varies linearly with array area, and strongly with the inverse of the dielectric 

thickness. Onset voltages of between approximately -100V -300V were found for the con- 

ventional and wrap-through-contact cells, which is significantly lower than was previously 

believed23. This further shows the relevance of considering solar array arcing during the 

design of high voltage power systems. 
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(3) The strong dependence of arcing with cell temperature predicted by the model was 

also verified by the PASP Plus experiment. During eclipse, all of the conventional modules 

showed increased levels of arcing. The existance of a critical temperature above which 

no arcing is seen, for a given bias voltage and ion flux, was verified. Thus, if cells on 

operating power systems are kept hot, arcing can be avoided. The APSA module was 

mounted over a cut-out on the Deployed Panel and was exposed to space on the back, 

which most closely represents the configuration of actual arrays. Because of the resulting 

high temperatures during sunlight, this module was found to arc almost exclusively during 

eclipse and transition from eclipse into sunlight. Thus, if operating systems are heated prior 

to exited eclipse, arcing can be significantly reduced, and possibly avoided altogether. 

(4) Ion flux was also verified as a factor in the arcing process, with arcing possible even 

during wake operations. Thus, to avoid arcing, the cells must either be kept below the onset 

voltage or above the critical temperature. 

(5) Radiation flux, however, was not found to affect arcing levels, although only a limited 

amount of data was available to support this. 

Thus, if a power system is to be designed for a spacecraft sensitive to arcing, concentrator 

arrays offer the lowest arcing levels, followed by wrap-through-contact arrays and then 

thick dielectric conventional arrays. Alternately, thin cells can be used provided the cell 

temperature is always above the critical temperature during operation, or the bias voltage 

is kept below the onset voltage, which can be as low as near -100V. 

The dependencies found between arcing and bias voltage, cell temperature, and ion 

flux, as well as the arc rate scalings with array area, dielectric thickness, and work function, 

all strongly support the model developed by Cho and Hastings. Thus, the semi-analytic 

simulation has been shown to be an accurate tool for predicting solar array arcing. This 

tool could then be used to perform voltage/mass trade studies, or to help design new cells 

to mitigate arcing during high voltage operation. 
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7.1    Suggestions for PASP II 

Currently, there is a plan to perform a second Photovoltaic Array Space Power experiment. 

This will allow other cell materials and designs to be flight tested and further data to 

be gathered on current cells. Using lessons learned from the PASP Plus experiment, the 

following suggests are made for the next flight: 

(1) Measure the ambient neutral density. The neutral density is one of the key param- 

eters in the Cho/hastings arcing model. Measuring the neutral density will allow critical 

temperatures to be more accurately characterized for varying bias voltages and ion fluxes. It 

will also reduce the uncertainty in the analysis of the dependence of arcing on bias voltage, 

ion flux and cell temperature, since points of constant neutral flux could be examined. 

(2) Use an inline current sensor, similar to that used in the SAMPIE experiment, to 

characterize the arcs. The use of transient pulse monitors, which measure electric field 

variations to detect the arcs is much more susceptible to noise than inline current sensors. 

Also, comparison of arcing rates and arc strengths between different cells is difficult with 

TPMs, because of the varying distance of the modules from each TPM and electric field 

reflections and resonances on the spacecraft2. Inline current sensors do not have different 

sensitivies to different modules because of location and are much less succeptible to noise 

from external sources. If TPMs are to be used again, it is recommended that more thresholds 

be added near the lower end of the scale. The sensors on PASP Plus have an initial threshold 

(setting 1) significantly higher than necessary. The settings 2-4 were not even used during 

the experiment. 

(3) Have several possible bias step durations. The PASP Plus experiment had one bias 

duration (23 seconds). Having several bias durations, such as 23 sec, 60 sec, 120 sec, and 

■300 sec would allow the onset voltages found during PASP Plus to be verified. A longer 

experiment duration would also allow the critical ion flux dependence on bias time to be 

examined. It is not advised to have a duration longer than 300 seconds for several reasons. 

First, the plasma and neutral densities will change considerably during long experiments, 

greatly affecting the arcing process. Second, long bias times result in few data points being 
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taken. As seen in PASP Plus, the large scatter in the data requires a large number of data 

points to allow the results to be statistical significant. Thus, it is recommended that the 

majority of the experiment be conducted with the same 23 second bias step used in PASP 

Plus, with several longer biased steps used to study the onset voltage and critical ion flux. 

(4) Bias to higher voltages. Problems with the power source on PASP Plus restricted 

operations to -440V and below. Biasing to higher voltages would allow a better study of 

the dependence of arc rate on bias voltage to be made. At high voltage, the model suggests 

that, once the EFEE charging time becomes insignicant, the arc rate should vary linearly 

with the ion flux. This could not be verified at the voltage levels used on PASP Plus, but 

could be verified at higher voltages. Also, higher bias voltages would result in higher arc 

rates, increasing the statistical significance of the data. 

(5) Increase the range of the Langmuir probe. The probe used on PASP Plus was only 

accurate up to a density of approximately 2 x 10um-3. The density seen on orbit exceeded 

this level at times, resulting in some of the probe data being unreliable. 

(6) Continue to bias in eclipse. The majority of arcing seen on PASP Plus was during 

eclipse, when the cells were cold. This resulted in a higher number of non-zero data points 

during these conditions. Although photovoltaic power systems on spacecraft operate only 

during sunlight, they are still very succeptible to arcing upon exiting eclipse, when the cells 

are still cold and are thermally desorbing neutrals as they heat up. Gathering data during 

eclipse, as well as during transitions into and out of eclipse, allow a large amount of data 

to be gathered over the entire range of temperatures seen by the cells. 
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Appendix A 

Enhanced Field Electron Emission 

A.l    EFEE Mechanism 

The process of enhanced field electron emission is a key part of the arcing mechanism on 

high voltage solar arrays. A detailed study of the process was performed by Cho in Ref. 13. 

Several of the important aspects of EFEE are reviewed here. 

Experimentally, significant electron emission currents have been observed at applied 

electric fields on the order of 100 to 1000 times smaller than those expected theoretically 

from the Fowler-Nordheim formula for field emission. However, the currents do show the 

characteristic shape of the Fowler-Nordheim current by giving a straight line on a plot of 

log(I/V2) vs 1/V. For a constant gap d between two flat electrodes, the Fowler-Nordheim 

emission current is given by 

IFN = JFNSFN = A (ß—J  exp [—ay] SFN (114) 

where SFN is the effective emission site area. The constants A and B are given by 52 

,      1.54 x io-6104-52/>/*" ,„r, 
A =  (115) 

<Pw 

B = 6.53 x 1094>£;5 (116) 

where 4>w is the work function of the metal in eV. If the emission is due to Fowler-Nordheim 

emission, the slope of the plot gives —Bd/ß. The factor ß is the electric field enhancement 

factor.   The electric field on the cathode surface can be enhanced by two mechanisms: 
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microprotrusions and dielectric impurities. 

The field enhancement due to microprotrusions was calculated by Vibrans 10°. The 

highest enhancement is found when the emitting point is approximated by a sphere on the 

tip of an infinitesimally thin wire, given by 

a     «      h 
ß = 2 + - (117) 

where h is the height of the protrusion and r0 is the radius of the tip.  This geometrical 

enhancement can explain enhancement factors up to a few hundred 52. 

But for higher values of ß, it becomes increasingly difficult to explain the enhancement 

due to geometrical considerations alone, especially when examinations of the cathode surface 

have often shown no sign of the necessary structures. Thus, in this work, it is assumed that 

the field enhancement is not due primarily to microprotrusions. Latham attributed the 

electric field enhancement to a dielectric inclusion on the surface due to a metal impurity 

or chemical reaction 52> M. When an electric field is applied to the dielectric, electrons first 

tunnel from the metal-dielectric interface into the conduction band of the dielectric. The 

electrons start tunneling at locations on the interface where a favorable tunneling contact 

is made, such as would be created by a local concentration of impurity atoms 8. These 

electrons are accelerated inside the dielectric and create positive holes through collisions, 

which then migrate toward the metal-dielectric interface and further enhance the field. 

Latham assumed that the electron emission from the dielectric-vacuum interface obeys a 

formula similar to Richardson-Dushman's formula 

jd-v = ART? exp(-ex/KTe) (118) 

where AR is a constant, Te is the electron temperature at the dielectric-vacuum interface, 

and x is the barrier height at the interface. 

The electron temperature at the interface is approximated by eAV ~ 3/2KT6, where 

AV is the potential drop across the dielectric layer, assuming that electrons are rapidly 

thermalized through collisions with lattice atoms and the energy loss due to the collisions 
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is negligible. The potential drop is assumed to be proportional to the applied voltage by 

3/tT„       1 Ad , 
AK~--^~-—V (119) 

2   e        ed d 

where e^ is the relative dielectric constant of the dielectric layer and Ad is the thickness of 

the layer. 

Substituting Eq. (119) into Eq. (118), the resulting equation gives a straight line when 

log{I/V2) vs 1/V is plotted. The resulting field enhancement factor obtained from the plot' 

is 

ß = 
2BM = 4-35 x l09<j>^Ad 

3X£d Xed 

The enhancement factor is thus determined by the dielectric thickness Ad, the barrier height 

at the dielectric-vacuum interface x, the dielectric constant e^, and the surface work function 

<pw. This model is able to explain enhancement factors up to a few thousand 39 and the width 

of the electron energy spectrum observed in experiments 7. It also gives an explanation for 

the electroluminescence observed at the electron emission sites by Hurley 45- 46. 

The relationship between the currents given by Eqs. (118) and (114) will now be exam- 

ined by first substituting Eqs. (119) and (120) into Eq. (118) to obtain the current density 

emitted from the dielectric-vacuum interface 

fexßV\2       (   Bd\ 
Jd- = ARVBd^) exv{-WJ 

The current density at the metal-dielectric interface jm-d is still given by the Fowler- 

Nordheim equation as 

'^ = JTN=
A^^{-JE) (122) 

While the total currents will be equal, there is no guarantee that the two current densi- 

ties will be. While the electrons are thermalized through the collisions with the lattice, 

the electron flow from the metal-dielectric interface suffers significant diffusion due to the 

collisions.  Assuming an Einstein relation for the diffusion coefficient, D/pe = nTe/e, the 
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diffusion distance 5d can be estimated by 

,Ad, n      Ad K% 
^^^(-^^-^^A^A, (123) 

where td is the time it takes an electron to travel through the layer and Eq. (119) has been 

used. Thus, the electrons diffuse a distance comparable to the dielectric layer thickness. 

As the electrons diffuse through the dielectric layer, the current density from the dielectric- 

vacuum interface can be much lower than that from the dielectric-metal interface. To 

account for this, the areas SFN and STeai are introduced, as discussed in the next section. 

A.2    Finite Electron Emission Site Area on a Broad Area 

Cathode 

In experiments, it is the field emission current, rather than the current density, that is 

measured. The emission site area cannot be directly measured when the cathode is a plane 

electrode. For a constant gap d, the Fowler-Nordheim current IFN is given by Eq. (114). 

Taking the derivative of log10(IFN/V2) with respect to 1/V, we have 

dQogw(I/V*)) Bd 

d(i/v)— = ~l0^eT (124) 

The graph of logw(IFN/V
2) plotted against 1/V is often referred to as a F-N plot. If the 

emission current is due to field emission, the F-N plot is a straight line with a slope of 

-Bd/ß. If a value for the work function <f>w is assumed, the field enhancement factor ß is 

determined from the slope of the line. The factor SFN can then be found by dividing the 

experimentally measured current by the premultiplier in front of SFN in Eq. (114) 

s™=A{ß^iM-j$) (125) 

This value for SFN can be regarded as the effective emission site area at the metal-dielectric 

interface. However, it is otherwise physically meaningless except that it has dimensions of 

area60, because the emission site area seen from outside of the dielectric layer is the area 
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Sreai at the dielectric-vacuum interface. As discussed above, Sreal can have a different value 

than SFN due to diffusion of electrons within the dielectric. Calculating Sreai from the 

electron diffusion is very difficult, however. But, STeai can be calculated from consideration 

of the space charge effect due to electrons which appear clearly in F-N plots at high voltages. 

As the voltage an current density increases, the electron density in front of the emission 

site increases and the space charges begin to affect the electric field at the site, causing 

the plot of log10(/FN/^2) vs 1/V to become nonlinear. The points where the F-N plot 

departs from a straight line can be calculated from quasi-one-dimensional equations taking 

into account the spreading of the electron beam. 

We consider electron trajectories in the cylindrical coordinate shown in Figure 78. It 

is assumed that electrons are emitted uniformly from an aperture of radius r0 at z — 0. 

Neglecting collisions, the current density can be calculated by the method of characteristics, 

with the result given by 

j{r,0,d) = f vcos6f{ro,9o,z = 0,v,e,cp)v2dvdn (126) 

where / is the speed distribution of the emitted electrons, v is the emission speed at z = 0, 

and <p and 8 are the polar and azimuthal angles of the emission velocity vector. If the speed 

distribution is Maxwellian, the current density can be written as 

j(r, 0, d) =j0 [- exp(-£) cos OdEdü (127) 
J    7T 

where E is the electron emission energy normalized by the temperature as E = ^mev
2/KTe, 

and j0 is the uniform current density at the cathode j0 = ^y —^ ■ 

The x, y positions at z — 0 are given by 

x0   =   r — v sin 9 cos ipr 

y0   =     —vsinOsimpT 
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Enhanced Field 
Emission Site 

Cathode Surface 

Figure 78: Electron Beam Broadening 

where r is the time for it takes electrons to reach the anode, given by 

r = —[cost? — \ cos^ 9 H s-J 
a V ir 

(128) 

and a = eV/me/d is the uniform acceleration in the z direction neglecting any space charge 

effects. Since the position at z = 0 must be within the radius r0, that is, x2
0 + y2

0 < r2,, the 

integration in Eq. (127) is carried out over 8 and ip which satisfy 

„2   i   „22 „-2 r  + v T sin 0 — 2rur sin 9 cos cp < r^ (129) 

After some algebra, the current density at the center of the anode j(0,0, d) is approximately 

given by 
j(0,0,d) 

Jo 
0.25?2y (130) 

where r0 = r0/d and V — VJKT^. 
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The beam cross section at the center of a plane at z is approximated by 

2(V/d)> 
Ab     =     Sreal [z < 0.25r2^) 

Ah   =   -^yT    (*>0.25r^) 
0-25r|-rrj 

(131) 

where r0 is the radius of emission site at z = 0, that is, r0 = \/Sreai/ir. 

The quasi-one-dimensional equations are now given by 

dz 

d2d> 
dz 

=   L 
e   d<t> 

me dz 

en.,. 
to 

(132) 

The boundary conditions are given by 

<f>(z = 0) =   0 

4>(z = d) =   V(>0) 

Ec.o. 
dd>\ 

—          dz\z=0 

h =   Apti^expi-piz 
Vez{z = 0) 

IKT, 

(133) 

An electron temperature nTe of one electron volt is chosen because this is the spread typi- 

cally seen in the energy spectrum of electrons emitted due to EFEE. In the above analysis, 

the effect of the space charge on the electron trajectories was neglected, although the effect 

was included for the emission current Ie, which seems contradictory. However, the space 

charge effect would be more prominent on the current Ie than on the electron trajectories, 

because the current depends exponentially on the cathode field Ec_0_. Thus, this treatment 

is justified to a first order approximation. 

If the emission site areas calculated from Eq. (125), which are typically between 10~13m2 

and 10~17m2, are substituted into Sreai in Eq. (131), this usually leads to an overestimation 

of the electron space charge effect and the F-N plot departs from linear much earlier than 

is observed in experiments. Therefore, having the same current density at both interfaces is 

prohibited not only from the physical nature of the field emission, i.e. collisional diffusion, 
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but also from the viewpoint of the space charge effect of the electrons. 

Using the above analysis and data from Ref. 34, Cho studied the emission current be- 

tween two plane stainless steel electrodes with a gap distance of d = 0.76mm 13. Assuming 

a work function of 4>w = 4.oeV, the F-N plot gave a field enhancement factor of ß = 345. 

The value for SFN calculated using Eq. (125) was SFN = 2.3 x 10_15m2. If this value is 

used for Sreai in Eq. (131), the result shows the emission current to be space charge limited 

at a much lower voltage than was observed in the experiment. Cho found that a value of 

Sreai = 2.8 x 10~10m2 gave much better agreement with the experimental data. Dielectric 

particles identified by experiments 9> 85 as emission sites often have the size of microns. 

Thus, this value of Sreal is a reasonable value for the estimation of the diffusion distance of 

electrons in Eq. (123). 

The Fowler-Nordheim formula is the result of a one-dimensional quantum mechanical 

calculation 27, and does not include these two-dimensional effects. In the model for arcing 

on solar arrays, a finite emission site area Sreal on the conductor surface was assumed, and 

the Fowler-Nordheim coefficient A was modified to A' = ASFN/Sreai in order to have the 

same total current as measured in experiments. The constant A' now corresponds to the 

premultiplier AR(ex/B)2 in Eq. (121). 

A.3    Space Charge Limited EFEE 

To examine the space charge limitation on the EFEE current, Cho 13 conducted PIC simu- 

lations, with a bias voltage of -500 V and and an emission site with field enhancement factor 

of 500 on the conductor surface in contact with the triple junction. For initial conditions, 

the front surface is charged to 4>s = 0 and the side surface is uncharged. Thus, the side 

surface potential changes linearly from 0 to V according to the dielectric constants. The 

electric field at the triple junction is given by 

^ = YdTTd2 
(134) 
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having a value of ET.J. = 5.2 x 106V/m, and an initial emission current of jec = I/Sreai = 

1.9A/m2. First, the time history of the emission current was modeled using a space charge- 

free simulation, with the results shown in Figure 79. As seen, a rapid increase in the 

current, up to five orders of magnitude higher than its initial value, occurs. The simulation 

was stopped when the emission current density exceeded 10% of the space charge limited 

value. 

The state at this point was then used as the initial conditions for a PIC simulation 

including the space charge effects. The time variation of the emission current for this 

simulation is shown in Figure 80. The time is counted from the final time in the previous 

simulation, with the oscillation near t - 0 due to numerical noise from connecting the two 

codes. In the first 0.2 nsec, we still see a rapid increase in the current, until the average 

current density over the emission site reaches jec = I/Sreai = 3.2 x 107A/m2. At this 

point, the current is 0.278 mA, which is much lower than the typical arc discharge current 

of the order of an ampere. The current density, however, is much higher than the Child- 

Langmuir space charge-limited current density of jsp = 7.2 x 105 A/m2 for a 190/im gap with 

a bias voltage of -500 V. This high current is caused by the positive surface charge present 

on the dielectric surface near the triple junction created by secondary electron emission. 

This positive surface charge initially cancels the negative space charge over the conductor 

surface, allowing the emission current to be much higher than the Child-Langmuir current. 

However, this effect soon is overwhelmed by the negative space charge of the electrons 

which lie extensively over the dielectric side surface. The emission current then becomes 

quasi-steady, as seen in Figure 80. 
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Figure 79: Electron Emission Current from Conductor Surface Calculated by Space Charge- 
Free Scheme 
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Figure 80:   Electron Emission Current from Conductor Surface Calculated by PIC Code 
Including Space Charge Effects 
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The quasi-steady current is the result of the balance of the negative space charge of 

the electron current with the positive space charge on the dielectric side surface. Since the 

negative space charge is proportional to the emission current, and the positive space charge 

is proportional to the bias voltage, the steady state current density j*c should be linearly 

proportional to the bias voltage V. A least squares fit to data from simulations at various 

voltages gives 

j*ec = 1.39 x 104\V\A/m2 ' (135) 

with V in volts. This linear dependence on voltage was verified by Cho with the following 

analysis 13. 

If we consider a sheet of electrons hopping along the dielectric side surface as shown in 

Figure 81, the current parallel to the surface can be given by 

Ix = a-vex (136) 

where Ix is the current per unit length, cr_ is the electron density per unit area over the 

side surface, and vex is the electron velocity in the x direction. This is similar to the 

formulation of the electron current in vacuum surface flash-over used in Reference 5, 81. 

Once the surface charge reaches a steady state by having a secondary electron yield of unity, 

this current must equal the emission current j*c\/Sreai for current continuity. The electron 

density per unit area over the side surface can then be given by 

cr_ = JecV^real (137) 

It is when this negative charge density becomes comparable to the positive surface charge 

density <x+ that the negative space charge limitation on jec occurs. The positive surface 

charge density can be approximated by 

%**, (138) 

where Ey is the electric field perpendicular to the side surface. Equating <r_ with a+, the 
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Figure 81: Electron Hopping Along Side Surface 

negative space charge-limited current density is given by 

fee = 2e0 fq -Vex&y 
-Veai 

(139) 

The electron velocity vex is now calculated assuming a probability distribution function 

given by 

f(v, a, (p)dvdd = — 5{v — v0) cos a sin advdadip 
n 

(140) 

where v is the emission speed, a is the polar angle, and <p is the azimuthal angle of the 

emission velocity. For simplicity, we have assumed a mono-energetic emission with Ese = 

\raf,v
2

0. The emission velocities are given by 

vx    =   v0 sin a sm ip 

vy    =   v0 cos a 
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vz   =   v0 sin a cos ip (141) 

Assuming Ex and Ey are uniform, the electron trajectories are parabolic, and the velocity 

at the top of the parabola is given by 

vx = VQ [sin a sin ip + (—)cosa] 
Ly 

where VQ = ^2eEse/me. Taking the average over the distribution function gives 

2    ,EX 
< vx >= gM-gT) 

Substituting this average into vex in Eq. (139) gives 

,"* -1,     Vo     F 
Jec ~ o e°   /Q £jx 

0     V dreal 

The magnitude of the electric field in the x direction is approximated by the bias voltage 

\V\ as Ex — \V\/d. Then, the current density can then be rewritten as 

re, i=-\V\ (142) 
3      VSreald 

Therefore, the quasi-steady state space charge-limited current density j'*c is linear in the 

bias voltage V. The PIC simulation was run and the showed good agreement with the 

above results. The simulation results were used to correct the premultiplier in Eq. (142), 

giving 

fec = imeoM^0E-\V\ (143) 

with Ese and ^ei in. eV, and | V\ in volts. Ese\ is the electron incident energy for a secondary- 

electron yield of unity. Note, the current j*c is independent of the field enhancement factor 

ß. 

In the quasi-steady state, there is also an intense electron current to the side surface, 

with the average current density defined by 

7  $**r.w* (144) 
d\ + d-2, 
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where the values for j* (x) are obtained from numerical results. The results of the simulations 

are fit well by the square of the bias voltage as j* = 14.8|7|2. This current can also be 

quantified in a manner similar to j*c. 

The incident current per unit z length, Iy, is equal to the electron current parallel to 

the dielectric surface, Ix, from current continuity. The incident current density is given 

by dividing the current by the distance which the electron travels during one hop over the 

• * -ly IT 
je = —3- = — 

•Chop       -^hop 

The hopping distance must satisfy xhop = Esei/Ex since the secondary electron yield is 

unity. Using this, and Ix = j*ec\JSreal, Eq. (142) leads to 

Thus, the incident current density is proportional to the square of the bias voltage. To 

quantify the premultiplier, we need to calculate Esei. The incident energy and angle of an 

impacting electron are given by 

Ei   =   -me{vl + vy + v2
z) 

tan 6»,    =   ^p (146) 
\vy\ 

For the emission probability distribution function and the emission velocities given by 

Eqs. (140) and (141), the average incident energy and angle are given by 

<Ei>=Ese[l + 2&2] (147) 
£jy 

I     r-K/2,     r2ir E E 

<ta.n6i>=- [       Jsin2 a + 2(-f) sin2asin^ + 4(-^)2 cos2 adip\ sinada   (148) 
7T   JO JO y Ey Ey 

Using Eqs. (147) and (148), the following equation can be solved for {Ex/Ey) 

lee = Imax-^— exp (2 - 2W —— ) exp(2(l - COS 6i)) = 1 (149) 
■t^max V V Emax 

172 



where cos 9{ is given by A/1/(1+ < tan#; >2). The PIC simulations again gave good agree- 

ment with the analytic results, and the PIC results were used to correct the numerical factor 

in Eq. (145) to give 

The incident electron current is thus independent of any parameters regarding the EFEE 

site, such as /?, 5rea/, or SFN- It is this current that desorbs a significant amount of neutral 

gas from the side surface, producing a locally dense neutral cloud over the emission site. 

A.4    Review of Field Enhancement Factor, ß, Distributions 

With increasing microscopy resolution in the 1970's, research has begun to identify field 

emission sites on broad-area electrodes. Broad-area electrodes have lateral dimensions com- 

parable to or greater than the electrode separation distance, as opposed to point cathodes 

whose radii are comparable to or less than a micron 65. Scanning electron microscopes and 

anode microprobes have been used to pin-point emission sites on the broad-area electrodes. 

The most important finding of these studies is that the identified emission sites often lack 

the geometric dimensions necessary for the field enhancement factor ß observed in the ex- 

periments, as discussed in section A.l. This led to proposals of enhanced field emission 

mechanisms that do not rely on microprotrusions on the cathode surface. A survey by Noer 

of experiments prior to 1981 showed that the field enhancement factor ranged from a few 

tens to a few thousands, with effective emission site areas SFN ranging from 10~18m2 to 

10_14m2 65. The typical number density of emission sites was on the order of several times 

ten per cm2 with dimensions larger than microns. These values, however, depend strongly 

on the surface conditions of the cathode, which were typically well polished metal surfaces. 

Thus, it is possible to have much higher emission site densities on untreated cathodes, such 

as the interconnects on solar arrays. 

Since the 1980's, SEM, Auger electron spectroscopy (AES), and scanning field mi- 

croscopy (SFM) have been used to study individual field emission sites. Niedermann et 

al. M found an emission site density of 1.5 x 104m2 on Sb samples with field enhancement 
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factors greater than 200 and SpN = 10~16m2. The experiments used a movable point anode 

. having a spatial resolution of 1 fim over a fiat cathode, characterizing the emission sites 

by the electric field necessary to give a prescribed current of typically 40 nA. Thus, the 

enhancement factors calculated using the Fowler-Nordheim formula in Eq. (114) depended 

on the value assumed for the effective emission site are SFN- AES studies done on the 

emission sites found a large variety of elements such as C, S, Mo, Ti, and Ag (which are 

typically found as dielectric oxides), at the sites. The scales of the sites were typically larger 

than a few /im. 

Renner et al. 85 and Niedermann et al. 63 used the same apparatus as in Ref. u to test 

Al and MoS2 electrodes. A fit to the data from Ref. 85 to the exponential distribution used 

in Chap. 2, /(/?) = /0exp (-/?//?„), gives ß0 = 87 and nes = 3.6 x 105m-2 «. A fit to the 

data from Ref. 63, assuming <f>w = 4.0eV and SFN — 10~l5m2, gives an emission site density 

of nes = 4.1 x 106m~2 with an average value of ß of 66 for sites that emitted greater than 

40 nA at a given electric field strength. 

Latham et al. 55 measured the spatial distribution of sites on a planar OFHC copper 

electrode using an optical imaging technique. Emission site densities of nes = 1.3 x 104m~2 

and 5.8 x 104m-2 for applied fields of 20 and 36 MV/m, respectively, were found. Since only 

the total current was measured, the ß distribution function cannot be deduced directly from 

the data. The average current measured in the experiments was 2.8 x 10-7A So, assuming 

a 4>w = 4.5eF and SFN = 10_15m2, a field enhancement factor of ß = 210 is found. Thus, 

the density of emission sites with ß > 210 is 1.3 x 104m~2. 

Although there are still many unanswered questions about EFEE, the experimental 

results give encouraging support to the modeling used in this work. Primarily, in the 

emission site distributions, and in the hypothesis that the sites are generally dielectric 

inclusions on the interconnects, rather than microprotrusions. 
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Appendix B 

Capacitance Matrix 

Because the Poisson Equation is linear, the change in the surface potential 5<j>aj at any 

location due to a change in the surface charge of <5<T; at location £; is given by the solution 

of Poisson's Equation V2<^SJ- = S{j with 5itj zero except at the point i. Thus, we can know 

how one unit surface charge affects the surface potential everywhere. In a discrete system, 

the relation between Jer, and 5<j)sj can be expressed by a capacitance matrix A in 

( &<t>,,\  \ f Sd\ 

\ ö<ßs,N ) 

A- (151) 

; Ö&N j 

The method used to obtain the capacitance matrix is that given by Ref. 43. In this 

scheme, a unit surface charge density is placed at gridpoint Xi and the Poisson Equation 

is solved to obtain <fis at every point, giving the ith column of the matrix A 

I A, ^ 

4>s,i 

( : Ai,i    : 

':    A l,Z 

: \ /n\ 

\ (f>s,N J       \ :   AN,X   : /    V ° / 

(152) 

The process is then repeated for each gridpoint on the dielectric to determine each 

column of the capacitance matrix. A fifth order fit to the diagonal elements of the matrix is 

used to find the coefficients Cn for the equation relating the capacitance to the first impact 
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site (Eq. (30)) 
Cdielejdj)  _  1 

Cnorm \pn=6 r    (ii. 
—i (153) 

where Cnorm is the capacitance per unit area of the front surface 

Onorm —  _dj_   ,    d^ (154) 

To simulate the arc rates for each solar array on the PASP Plus experiment, the capac- 

itance matrix was first determined for each cell and fit to find the coefficients for Eq. (153). 

A study was also performed to examine the sensitivity of the arc rate to the capacitance 

coefficients. This was done by simulating the PASP Plus standard silicon array module #2 

with various values for the coefficients. The simulation was run using the coefficients from 

the silicon module #2, thick GaAs/Ge module #11, APSA module #5, and with all coeffi- 

cients set to zero except CQ, which was set to either 0.001, 0.01, or 0.1. In these simulations, 

all of the other parameters were constant, with a plasma density of 1 x 1010m~3, neutral 

density of 3.177 x 1014m.-3, and cell temperature of 245K. 

Figure 82 shows the average arc rates at increasing voltage using the capacitance co- 

efficients from each module and the constant Co of 0.01. As seen, there is virtually no 

difference in the rates using any of the cell's coefficients, and only a slight difference using 

the constant coefficient. Figure 83 shows the variation in average arc rate using the three 

constant coefficients (CQ = 0.001,0.01, or 0.1). This shows a larger difference, although the 

rates are still of the same order. The reason for the insensitivity is that the right hand 

side of Eq. (153) found from the coefficients is just used as the premultiplier for the front 

surface capacitance to find the capacitance at the impact point. This premultiplier is found 

from the fit to the normalized capacitance as a function of normalized distance. Since it 

is the normalized values that are used, this factor shows only small differences from cell to 

cell, as shown in Figure 84. The front surface capacitance itself, however, will have greatly 

differing values for the various cells, due to their dielectric constants and thicknesses, which 

will have a strong effect on the arc rates. 
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Appendix C 

Bias Steps of PASP Plus Modules 
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Table 21: Bias Steps of PASP Plus Modules on Day 94234 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 21 21 0 21 0 22 0 22 0 0 

-100V 21 21 0 20 0 22 0 22 0 0 
-125V 20 21 0 21 0 22 0 22 0 0 
-150V 19 21 0 21 0 21 0 22 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 22: Bias Steps of PASP Plus Modules on Day 94235 

* 

Voltage Module 
1 2 3 4 5 6 8 11 14 15 

-75V 32 32 18 32 18 31 18 31 18 18 
-100V 32 32 18 32 18 31 18 31 18 18 
-125V 32 32 18 32 18 31 18 31 18 18 
-150V 30 32 18 32 18 32 18 31 18 18 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 

-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 

-320V 0 0 0 0 0 0 0 0 0 0 

-330V 0 0 0 0 0 0 0 0 0 0 

-340V 0 0 0 0 0 0 0 0 0 0 

-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 

-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 

<« 
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Table 23: Bias Step >s of PASP Plus Modules on Day 94236 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 28 0 28 0 28 0 28 28 
-100V 0 0 28 0 28 0 28 0 28 28 
-125V 0 0 27 0 28 0 28 0 28 28 
-150V 0 0 26 0 28 0 28 0 28 28 
-160V 22 22 0 22 0 22 0 22 0 0 
-180V 22 22 0 22 0 22 0 22 0 0 
-200V 21 22 0 22 0 22 0 22 0 0 
-220V 21 22 0 22 0 22 0 22 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V o 0 0 0 0 0 0 0 0 0 

182 



Table 24: Bias Step is of PASP Plus Modules on Day 9423/ 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 35 35 10 35 10 35 10 35 10 10 
-180V 35 35 10 35 10 35 10 35 10 10 
-200V 36 35 10 35 10 35 10 35 10 10 
-220V 33 35 10 35 10 35 10 35 10 10 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 25: Bias Steps of PASP Plus Modules on Dav 94238 
Voltage Module 

y 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150 V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 20 0 20 0 20 0 20 20 
-180V 0 0 20 0 20 0 20 0 20 20 
-200V 0 0 20 0 20 0 20 0 20 20 
-220V 0 0 18 0 20 0 20 0 20 20 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0  i 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370 V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 26: Bias Steps of PASP Plus Modules on Day 94239 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 3 3 0 4 0 4 0 4 0 0 
-260V 3 3 0 4 0 4 0 4 0 0 
-280V 3 3 0 3 0 4 0 4 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 3 3 0 3 0 4 0 4 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 27: Bias Steps of PASP Plus Modules on Day 94240 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 43 43 0 43 0 46 0 48 0 0 
-260V 43 43 0 42 0 43 0 48 0 0 
-280V 43 43 0 43 0 43 0 48 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 43 42 0 43 0 43 0 48 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 1 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 o o 0 0 
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Table 28: Bias Steps of PASP Plus Modules 5 on'. Day 94241 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 

-75V 0 0 0 0 0 0 0 0 0 0 

-100 V 0 0 0 0 0 0 0 0 0 0 
0 -125 V 0 0 0 0 0 0 0 0 0 

-150V 0 0 0 0 0 0 0 0 0 0 

-160V 0 0 0 0 0 0 0 0 0 0 

-180V 0 0 0 0 0 0 0 0 0 0 
0 -200V 0 0 0 0 0 0 0 0 0 

-220V 0 0 0 0 0 0 0 0 0 0 

-240V 39 40 43 40 44 40 44 45 45 50 

-260V 39 40 44 40 44 40 44 45 45 50 

-280V 39 39 44 40 44 40 44 45 45 48 

-290V 0 0 0 0 0 0 0 0 0 0 

-300V 39 39 44 40 43 40 44 44 45 46 

-310V 0 0 0 0 0 0 0 0 0 Ü 

-320V 0 0 0 0 0 0 0 0 0 0 
0 -330V 0 0 0 0 0 0 0 0 0 

-340V 0 0 0 0 0 0 0 0 0 0 
0 -350V 0 0 0 0 0 0 0 0 0 

-360V 0 0 0 0 0 0 0 0 0 0 
0 -370V 0 0 0 0 0 0 0 0 0 

-380V 0 0 0 0 0 0 0 0 0 0 
0 -390V 0 0 0 0 0 0 0 0 0 

-400V 0 0 0 0 0 0 0 0 0 0 

-410V 0 0 0 0 0 0 0 0 0 0 

-420V 0 0 0 0 0 0 0 0 0 0 
0 -430V 0 0 0 0 0 0 0 0 0 

-440V 0 0 0 0 0 0 0 0 0 0 

-450V 0 0 0 0 o 0 0 0 0 0 
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Table 29: Bias Steps of PASP Plus Modules on Day 94242 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 66 0 65 0 67 0 66 76 
-260V 0 0 66 0 66 0 65 0 67 70 
-280V 0 0 66 0 66 0 65 0 67 68 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 66 0 66 0 66 0 67 65 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 1 1 0 1 0 1 0 1 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 1 1 0 1 0 1 0 1 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 1 1 0 1 0 1 0 1 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 1 1 0 1 0 1 0 1 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 

188 



Table 30: Bias Steps of PASP Plus Modules on Day 94243 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 41 0 41 0 42 0 43 46 
-260V 0 0 41 0 41 0 42 0 43 43 
-280V 0 0 41 0 41 0 41 0 42 43 
-290V 1 1 0 0 41 0 0 0 0 0 
-300V 0 0 40 0 82 0 41 0 42 43 
-310V 1 1 0 0 0 0 0 0 0 0 
-320V 0 0 41 1 0 2 43 2 43 43 
-330V 1 1 0 0 0 0 0 0 0 0 
-340V 0 0 41 1 0 2 43 2 43 43 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 41 1 0 2 42 2 43 43 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 41 1 0 2 42 2 43 43 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 31: Bias Steps of PASP Plus Modules on Day 9424^ 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 46 46 0 0 39 0 0 0 0 0 
-300V 0 0 0 0 39 0 0 0 0 0 
-310V 40 46 0 0 0 0 0 0 0 0 
-320V 0 0 39 46 0 47 39 47 39 39 
-330V 40 46 0 0 0 0 0 0 0 0 
-340V 0 0 39 46 0 47 39 47 39 39 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 39 46 0 47 39 47 39 39 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 38 46 0 46 39 47 39 39 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 32: Bias Steps of PASP Plus Modules on Day 94245 

4 

Voltage Module 
1 2 3 4 5 6 8 11 14 15 

-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 69 77 0 0 6 0 0 0 0 0 
-300V 0 0 0 0 6 0 0 0 0 0 
-310V 67 75 0 0 0 0 0 0 0 0 
-320V 0 0 0 78 0 79 0 80 0 0 
-330V 67 75 0 0 0 0 0 0 0 0 
-340V 0 0 0 78 0 79 0 79 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 78 0 79 0 79 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 77 0 78 0 79 0 0 
-390V 0 0 6 0 0 0 6 0 6 6 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 6 0 0 0 6 0 6 6 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 6 0 0 0 6 0 6 6 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 6 0 0 0 6 0 6 6 

M 
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'able 33: Bias Steps of PASP Plus Modules on Day 94246 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 3 5 0 0 46 0 0 0 0 0 
-300V 0 0 0 0 46 0 0 0 0 0 
-310V 3 5 0 0 0 0 0 0 0 0 
-320V 0 0 0 4 0 4 0 4 0 0 
-330V 3 5 0 0 0 0 0 0 0 0 
-340V 11 11 0 6 0 6 0 6 0 0 
-350V 11 11 0 2 0 2 0 2 0 0 
-360V 11 11 0 6 0 6 0 6 0 0 
-370V 10 11 0 2 0 2 0 2 0 0 
-380V 0 0 0 4 0 4 0 4 0 0 
-390V 0 0 45 9 0 9 46 10 46 48 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 40 9 0 9 46 10 46 48 
-420V 0 0 41 9 0 9 46 10 46 47 
-430V 0 0 41 9 0 9 46 10 46 48 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 34: Bias Steps of PASP Plus Modules on Day 94290 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 57 58 0 58 0 58 0 58 0 0 
-180V 57 58 0 58 0 58 0 58 0 0 
-200V 57 57 0 58 0 58 0 58 0 0 
-220V 57 58 0 58 0 58 0 58 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 35: Bias Steps of PASP Plus Modules on Day 9429 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 83 83 0 84 0 85 0 85 0 0 
-180V 83 83 0 83 0 85 0 85 0 0 
-200V 84 83 0 83 0 85 0 85 0 0 
-220V 84 83 0 83 0 85 0 85 0 0 
-240V 0 0 30 0 31 0 31 0 32 32 
-260V 0 0 30 0 30 0 31 0 32 31 
-280V 0 0 30 0 30 0 31 0 32 32 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 30 0 30 0 31 0 31 32 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 o 0 o 0 0 0 o 
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Table ■ 6: B ias Steps of PASP Plus Modules on Day 94292 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 36 36 108 37 108 37 108 37 108 110 
-260V 36 36 108 37 107 37 108 37 108 107 
-280V 36 36 108 36 108 37 108 37 108 108 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 36 36 108 36 108 37 108 36 108 108 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 37: Bias Steps of PASP Plus Modules on Day 94291 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 90 90 0 92 0 92 0 92 0 0 
-260V 90 90 0 92 0 92 0 92 0 0 
-280V 90 90 0 91 0 92 0 92 0 0 
-290V 0 0 0 0 54 0 0 0 0 0 
-300V 90 90 0 90 0 92 0 92 0 0 
-310V 0 0 54 0 0 0 54 0 54 54 
-320V 0 0 0 0 0 0 0 0 0 0 

54 -330V 0 0 54 0 0 0 54 0 54 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 54 0 0 0 54 0 54 54 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 53 0 0 0 54 0 54 54 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 38: Bias Steps of PASP Plus Modules on Day 94294 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 95 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 95 0 0 0 97 0 98 98 
-320V 31 31 0 34 0 35 0 35 0 0 
-330V 0 0 95 0 0 0 97 0 98 98 
-340V 31 31 0 31 0 35 0 35 0 0 
-350V 0 0 95 0 0 0 97 0 98 98 
-360V 31 31 0 31 0 35 0 35 0 0 
-370V 0 0 95 0 0 0 97 0 97 98 
-380V 31 31 0 31 0 35 0 33 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 39: Bias Steps of PASP Plus Modules on Day 94295 
Voltage Module 

y 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 37 0 0 0 0 0 
-260V 0 0 0 0 37 0 0 0 0 0 
-280V 0 0 0 0 36 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 36 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 62 64 0 71 0 71 0 72 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 62 64 37 67 0 71 41 72 41 41 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 61 64 37 64 0 71 38 72 40 41 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 61 64 37 64 0 71 38 71 41 41 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 36 0 0 0 36 0 41 41 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 o 0 0 o 0 0 0 0 o 
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Table 40: Bias Steps of PASP Plus Modules on Day 94304 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 140 98 2 0 2 0 0 
-180V 0 0 0 140 98 2 0 2 0 0 
-200V 0 0 0 139 97 2 0 2 0 0 
-220V 0 0 0 139 97 2 0 2 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 41: Bias Steps ä of PASP Plus Modules on Day 9430^ 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 197 14 2 0 91 171 2 205 0 0 
-180V 197 13 2 0 91 172 2 205 0 0 
-200V 195 13 2 0 90 170 2 204 0 0 
-220V 196 13 2 0 90 170 2 202 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 

0 -370V 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 o 0 0 
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Table 42: Bias Steps of PASP Plus Modules on Day 94306 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 3 172 172 0 0 0 160 0 0 0 
-180V 3 172 171 0 0 0 160 0 0 0 
-200V 2 171 171 0 0 0 159 0 0 0 
-220V 2 171 171 0 0 0 158 0 0 0 
-240V 0 0 0 197 2 2 0 2 0 0 
-260V 0 0 0 197 2 2 0 2 0 0 
-280V 0 0 0 197 2 2 0 2 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 196 2 2 0 2 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 43 Bias Steps of PASP Plus Modules on Day 94307 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 149 2 2 30 172 138 2 193 0 0 
-260V 149 2 2 30 172 138 2 192 0 0 
-280V 149 2 2 29 171 136 2 192 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 149 2 2 29 171 136 2 191 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 o o 0 0 0 0 0 0 
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Table 44: Bias Steps of PASP Plus Modules on Day 94308 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 57 172 172 0 2 0 216 0 0 0 
-260V 56 172 172 0 2 0 215 0 0 0 
-280V 56 172 171 0 2 0 213 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 56 171 171 0 2 0 213 0 0 0 
-310V 0 0 0 3 0 1 0 2 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 3 0 2 0 2 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 2 0 2 0 2 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 2 0 2 0 2 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 45: Bias Steps of PASP Plus Modules on Day 95033 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 20 40 0 0 0 0 0 0 0 0 
-260V 20 40 0 0 0 0 0 0 0 0 
-280V 20 40 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 20 40 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 20 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 20 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 19 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 19 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 46: Bias Steps of PASP Plus Modules on Day 95034 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 o o 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 14 172 40 20 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 14 172 40 20 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 14 171 40 20 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 14 168 38 19 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 47: Bias Steps of PASP Plus Modules on Day 95035 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 42 186 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 42 185 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 41 185 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 41 182 0 0 0 0 0 0 0 
-360V 0 0 0 23 0 167 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 23 0 166 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 22 0 166 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 23 0 165 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0  L 0 0 0 0 0 0 0 0 
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Table 48: Bias Steps of PASP Plus Modules on Day 95036 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 173 145 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 173 144 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 170 140 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 169 141 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 49: Bias Steps of PASP Plus Modules on Day 95037 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 42 0 0 0 56 57 0 61 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 42 0 0 0 56 57 0 60 
-360V 0 0 0 0 0 0 0 0 0 0 
-370 V 0 0 41 0 0 0 57 57 0 60 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 41 0 0 0 56 56 0 59 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0     0 0 0 0 0 0 0 
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Table 50: Bias Step s of PASP Plus Modules on Day 9503S 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 

-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 

-125V 0 0 0 0 0 0 0 0 0 0 

-150V 0 0 0 0 0 0 0 0 0 0 

-160V 0 0 0 0 0 0 0 0 0 0 

-180V 0 0 0 0 0 0 0 0 0 0 

-200V 0 0 0 0 0 0 0 0 0 0 

-220V 0 0 0 0 0 0 0 0 0 0 

-240V 0 0 0 0 0 0 0 0 0 0 

-260V 0 0 0 0 0 0 0 0 0 0 

-280V 0 0 0 0 0 0 0 0 0 0 

-290V 0 0 0 0 0 0 0 0 0 0 

-300V 0 0 0 0 0 0 0 0 0 0 

-310V 0 0 0 0 0 0 0 0 0 0 

-320V 0 0 0 0 0 0 0 0 0 0 

-330V 26 49 129 57 0 57 85 92 0 86 

-340V 0 0 0 0 0 0 0 0 0 0 

-350V 26 48 129 57 0 57 85 93 0 89 

-360V 0 0 0 0 0 0 0 0 0 0 
-370V 24 47 127 57 0 57 83 92 1 90 

-380V 0 0 0 0 0 0 0 0 0 0 

-390V 24 47 127 56 0 56 85 93 0 86 

-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 

-420V 0 0 0 0 0 0 0 0 0 0 

-430V 0 0 0 0 0 0 0 0 0 0 

-440V 0 0 0 0 0 0 0 0 0 0 

-450V 0 0 0 0 0 0 0 0 0 0 
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able 51: 

* 

* 

Bias Steps of PASP Plus Modules on Day 95039 
Voltage Module 

K 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 144 98 0 98 0 98 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 143 97 0 96 0 97 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 143 96 0 95 0 96 0 0 0 0 
-380V 0 0 0 0 0 0 0 57 61 98 
-390V 142 95 0 94 0 95 0 0 0 0 
-400V 0 0 0 0 0 0 0 57 61 97 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 57 61 96 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 56 59 95 
-450V 0 0 0 0 0 0 0 0 0 o 
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Table 52: Bias Steps of PASP Plus Modules on Day 9504 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 57 0 87 103 153 143 97 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 57 0 85 103 153 144 97 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 57 0 85 101 153 144 97 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 56 0 84 101 150 141 95 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 53 : Bias Steps of PASP Plus Modules on Day 95041 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 61 98 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 61 97 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 61 97 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 60 95 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 114 154 0 123 97 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 114 154 0 122 97 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 113 153 0 123 97 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 111 150 0 121 95 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 54: Bias Steps of PASP Plus Modules on Day 95042 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 144 98 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 142 97 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 142 97 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 140 95 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 98 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 97 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 97 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 95 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 55: Bias Steps of PASP Plus Modules on Day 95062 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 27 0 0 27 0 17 0 0 0 0 
-260V 27 0 0 27 0 17 0 0 0 0 
-280V 27 0 0 27 0 17 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 26 0 0 27 0 17 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 o 0 0 0      0 o 
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Table 56: Bias Steps of PASP Plus Modules on Day 95063 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 54 54 54 53 80 51 0 0 0 0 
-260V 54 54 53 53 79 51 0 0 0 0 
-280V 53 54 53 53 79 52 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 53 54 53 53 78 51 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 57: Bias Steps of PASP Plus Modules on Day 95064 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 108 0 157 0 0 0 0 0 
-260V 0 0 107 0 158 0 0 0 0 0 
-280V 0 0 107 0 157 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 106 0 156 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 79 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 79 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 80 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 76 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V o o 0 0 0 0 0 0 0 0 
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Table 58: Bias Steps of PASP Plus Modules on Day 95065 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 99 0 0 0 0 0 
-260V 0 0 0 0 100 0 0 0 0 0 
-280V 0 0 0 0 100 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 99 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 81 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 80 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 81 0 0 0 0 0 0 0 
-370V 0 0 0 27 0 27 53 53 0 0 
-380V 0 0 80 0 0 0 0 0 0 0 
-390V 0 0 0 27 0 27 54 53 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 27 0 27 53 54 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 27 0 27 52 54 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 59: Bias Step s of PASP Plus Modules on Day 9506 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 27 54 54 54 0 54 27 27 54 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 27 54 54 54 0 54 27 27 53 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 27 54 54 54 0 54 27 27 54 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 27 53 53 53 0 53 26 27 54 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 o o 0 
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Table 60: Bias Steps of PASP Plus Modules on Day 95067 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 54 40 26 29 0 54 54 54 27 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 54 41 27 28 0 54 54 54 27 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 54 41 27 28 0 54 54 54 27 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 54 40 26 28 0 53 53 54 27 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 61: Bias Steps of PASP Plus Modules on Day 95068 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 54 54 54 54 0 27 27 27 0 54 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 54 54 54 54 0 27 27 27 0 54 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 54 54 54 54 0 27 27 27 0 54 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 53 54 54 53 0 26 27 27 0 54 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 62: Bias Steps of PASP Plus Modules on Day 95069 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 36 27 27 0 0 0 0 0 0 54 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 36 27 27 0 0 0 0 0 0 27 
-400V 0 0 0 0 0 0 61 0 81 0 
-410V 36 27 27 0 0 0 60 0 81 108 
-420V 0 0 0 0 0 0 60 0 81 81 
-430V 35 27 27 0 0 0 58 0 80 107 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 63: Bias Steps of PASP Plus Modules on Day 95070 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 81 0 80 54 81 27 0 

27 -410V 0 0 0 81 0 81 54 81 27 
-420V 0 0 0 81 0 81 54 81 27 27 
-430V 0 0 0 80 0 80 52 81 27 27 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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fable 64: Bias I Steps of PASP Plus Modules on L Day -950' 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75 V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 81 81 92 31 0 27 0 27 0 0 
-410V 81 81 92 32 0 27 0 27 0 0 
-420V 81 81 92 32 0 27 0 27 0 0 
-430V 79 80 92 30 0 26 0 26 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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iäble 65: 1 5 ias ; steps OtP^ LSP Plu is M Lodi ües on Da iy 950 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-lOOV 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 81 81 108 0 0 0 0 0 0 0 
-260V 81 81 108 0 0 0 0 0 0 0 
-280V 81 81 108 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 80 79 108 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 27 27 27 0 0 0 0 0 0 0 
-410V 27 27 27 0 0 0 0 0 0 0 
-420V 27 27 27 0 0 0 0 0 0 0 
-430V 27 27 27 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 o 0 0 
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Table 66: 3ias Step 5 of PASP Plus Modules on Day 95073 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 27 27 0 81 96 107 0 0 0 0 
-260V 27 27 0 81 96 107 0 0 0 0 
-280V 27 27 0 81 95 106 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 26 27 0 81 93 106 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 67: Bias Steps of PASP Plus Modules on Day 95074 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 

0 -200V 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 27 26 0 54 81 81 81 
-260V 0 0 0 27 26 0 54 81 81 81 
-280V 0 0 0 27 26 0 54 81 81 81 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 27 26 0 52 81 81 80 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 

0 -380V 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 

0 -450V 0 o 0 0 0 0 0 0 0 
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Table 68: Bias Steps of PASP Plus Modules on Day 95075 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 27 0 0 0 
-260V 0 0 0 0 0 0 27 0 0 0 
-280V 0 0 0 0 0 0 27 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 26 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 102 108 108 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 102 108 108 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 102 108 108 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 100 107 106 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 69: Bias Steps Df PASP Plus Modules on Day 95076 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100 V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 108 0 0 0 0 0 
-260V 0 0 0 0 108 0 0 0 0 0 
-280V 0 0 0 0 108 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 108 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 21 0 0 108 0 108 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 21 0 0 107 0 108 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 21 0 0 108 0 108 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 22 0 0 107 0 106 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 70: Bias Steps of PASP Plus Modules on Day 95077 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 30 0 0 0 0 0 0 0 
-260V 0 0 30 0 0 0 0 0 0 0 
-280V 0 0 29 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 29 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 81 81 81 81 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 81 81 81 81 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 81 81 81 81 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 81 80 79 80 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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<• 

Table 71: Bias Steps of PASP Plus Modules on Day 95078 
Voltage Module 

1* 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 27 0 0 0 0 0 
-180V 0 0 0 0 26 0 0 0 0 0 
-200V 0 0 0 0 26 0 0 0 0 0 
-220V 0 0 0 0 26 0 0 0 0 0 
-240V 112 117 99 0 3 0 0 0 0 0 
-260V 112 117 99 0 3 0 0 0 0 0 
-280V 112 116 99 0 3 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 110 115 98 0 3 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0     0 0 0 
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Table 72: Bias Steps of PASP Plus Modules on Day 95079 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 134 0 0 0 0 0 
-180V 0 0 0 0 131 0 0 0 0 0 
-200V 0 0 0 0 129 0 0 0 0 0 
-220V 0 0 0 0 129 0 0 0 0 0 
-240V 0 0 0 0 189 25 0 0 0 0 
-260V 0 0 0 0 187 25 0 0 0 0 
-280V 0 0 0 0 185 25 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 183 25 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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läble 73: i 5 ias bte ps ( )t PAü >p Pl us M Lock des on Da y 950 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 110 90 73 0 9 30 27 
-260V 0 0 0 110 89 72 0 8 30 27 
-280V 0 0 0 109 90 73 0 8 30 26 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 108 89 70 0 8 29 26 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 o 
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Table 74: Bias Steps of PASP Plus Modules on Day 95081 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 

-240V 0 0 0 0 0 0 79 81 53 53 
-260V 0 0 0 0 0 0 79 80 53 53 

-280V 0 0 0 0 0 0 78 79 53 53 

-290V 0 0 0 0 0 0 0 0 0 0 

-300V 0 0 0 0 0 0 76 78 52 52 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 30 26 29 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 30 25 29 0 0 0 0 0 0 0 

-350V 0 0 0 0 0 0 0 0 0 0 
-360V 30 25 29 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 29 25 28 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 75: Bias Step s of PASP Plus Modules on Day 9508 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 30 0 0 0 0 0 
-260V 0 0 0 0 30 0 0 0 0 0 
-280V 0 0 0 0 30 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 29 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 85 72 75 28 0 41 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 85 72 74 28 0 41 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 85 71 74 27 0 40 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 83 68 71 27 0 40 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 76: E ias Steps of PASP Plus Modules on Day 95C )83 

» 

Voltage Module 
1 2 3 4 5 6 8 11 14 15 

-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 80 0 0 0 0 0 
-260V 0 0 0 0 80 0 0 0 0 0 
-280V 0 0 0 0 78 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 78 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 75 0 83 30 26 26 26 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 72 0 82 30 25 27 26 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 71 0 81 30 25 27 25 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 70 0 81 30 25 27 25 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 

4ft 
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Table 77: Bias Steps of PASP Plus Modules on Day 95084 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 72 0 0 0 0 0 
-180V 0 0 0 0 72 0 0 0 0 0 
-200V 0 0 0 0 72 0 0 0 0 0 
-220V 0 0 0 0 71 0 0 0 0 0 
-240V 0 0 0 0 57 0 0 0 0 0 
-260V 0 0 0 0 57 0 0 0 0 0 
-280V 0 0 0 0 57 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 55 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 50 53 53 53 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 51 52 52 53 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 49 51 51 51 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 49 51 51 50 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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r ?able 78: Bias Steps of PASP Plus Modules on Day 95085 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 103 0 0 0 0 0 
-180V 0 0 0 0 100 0 0 0 0 0 
-200V 0 0 0 0 99 0 0 0 0 0 
-220V 0 0 0 0 98 0 0 0 0 0 
-240V 17 16 36 0 81 0 0 0 0 0 
-260V 17 16 36 0 78 0 0 0 0 0 
-280V 17 16 35 0 77 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 16 15 34 0 77 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 

«i 
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rable 79: I Jias i steps OtP AM JPlu sM och des on Da y 950 
Voltage Module 

15 1 2 3 4 5 6 8 11 14 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 30 30 58 0 28 0 0 0 0 0 
-260V 30 29 58 0 28 0 0 0 0 0 
-280V 30 28 57 0 27 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 30 28 57 0 27 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 

0 -320V 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 o 0 0 0 0 0 0 o 
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Table 80: Bias Steps of PASP Plus Modules on Day 95090 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 22 33 22 0 4 0 0 0 0 0 
-260V 22 32 22 0 4 0 0 0 0 0 
-280V 20 30 20 0 4 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 20 29 20 0 4 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 81: 3ias Steps of PASP Plus Modules on Day 9509 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 30 28 37 72 55 52 0 0 0 28 
-260V 30 28 37 70 54 51 0 0 0 28 
-280V 30 27 37 69 54 51 0 0 0 27 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 30 27 35 68 54 49 0 0 0 27 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 82: Bias Steps of PASP Plus Modules on Day 95103 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 17 27 44 0 0 0 0 
-260V 0 0 0 16 27 43 0 0 0 0 
-280V 0 0 0 16 27 43 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 15 27 42 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Table 83: Bias Steps of PASP Plus Modules on Day 95104 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 

-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 3 72 74 71 72 
-260V 0 0 0 0 0 2 71 74 70 71 
-280V 0 0 0 0 0 2 71 73 69 70 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 2 70 72 68 70 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 7 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 7 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 7 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 6 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0    0 0    0 0 0 0 0 0 0 
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* 

t Table 84: Bias Steps of PASP Plus Modules on Day 951C 5 

• 

Voltage Module 
1 2 3 4 5 6 8 11 14 15 

-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 18 0 0 0 0 0 
-180V 0 0 0 0 18 0 0 0 0 0 
-200V 0 0 0 0 17 0 0 0 0 0 
-220V 0 0 0 0 17 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 87 100 100 0 0 0 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 86 100 100 0 0 0 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 86 100 100 0 0 0 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 85 99 98 0 0 0 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 

« 
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Table 85: Bias Steps of PASP Plus Modules on Day 95106 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 138 0 0 0 0 0 
-180V 0 0 0 0 138 0 0 0 0 0 
-200V 0 0 0 0 137 0 0 0 0 0 
-220V 0 0 0 0 137 0 0 0 0 0 
-240V 0 0 0 0 159 0 0 0 0 0 
-260V 0 0 0 0 158 0 0 0 0 0 
-280V 0 0 0 0 157 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 154 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 16 0 18 0 0 0 0 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 16 0 18 0 0 0 0 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 16 0 17 0 0 0 0 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 16 0 17 0 0 0 0 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0    0 0 0 0 0 0 0 0 
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Table 86: Bias Steps of PASP Plus Modules on Day 95107 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 108 0 0 0 0 0 
-260V 0 0 0 0 108 0 0 0 0 0 
-280V 0 0 0 0 108 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 106 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 107 0 79 0 0 18 18 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 107 0 79 0 0 17 18 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 107 0 79 0 0 17 17 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 105 0 76 0 0 17 17 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 
-440V 0 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 

245 



Table 87: Bias Steps of PASP Plus Modules on Day 95108 
Voltage Module 

1 2 3 4 5 6 8 11 14 15 
-75V 0 0 0 0 0 0 0 0 0 0 
-100V 0 0 0 0 0 0 0 0 0 0 
-125V 0 0 0 0 0 0 0 0 0 0 
-150V 0 0 0 0 0 0 0 0 0 0 
-160V 0 0 0 0 0 0 0 0 0 0 
-180V 0 0 0 0 0 0 0 0 0 0 
-200V 0 0 0 0 0 0 0 0 0 0 
-220V 0 0 0 0 0 0 0 0 0 0 
-240V 0 0 0 0 0 0 0 0 0 0 
-260V 0 0 0 0 0 0 0 0 0 0 
-280V 0 0 0 0 0 0 0 0 0 0 
-290V 0 0 0 0 0 0 0 0 0 0 
-300V 0 0 0 0 0 0 0 0 0 0 
-310V 0 0 0 0 0 0 0 0 0 0 
-320V 0 0 0 0 0 0 78 78 60 60 
-330V 0 0 0 0 0 0 0 0 0 0 
-340V 0 0 0 0 0 0 78 77 60 60 
-350V 0 0 0 0 0 0 0 0 0 0 
-360V 0 0 0 0 0 0 77 77 60 60 
-370V 0 0 0 0 0 0 0 0 0 0 
-380V 0 0 0 0 0 0 76 77 60 60 
-390V 0 0 0 0 0 0 0 0 0 0 
-400V 0 0 0 0 0 0 0 0 0 0 
-410V 0 0 0 0 0 0 0 0 0 0 
-420V 0 0 0 0 0 0 0 0 0 0 
-430V 0 0 0 0 0 0 0 0 0 0 

0 -440V 0 0 0 0 0 0 0 0 0 
-450V 0 0 0 0 0 0 0 0 0 0 
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Appendix D 

Environmental Parameter/Voltage Data Space 

This appendix contains all of the negative biasing data for the PASP Plus experiment gath- 

ered while the arrays were in ram. The graphs show the data space for the cell temperature, 

ion flux, and bias voltage for each module. Each point on the graph represents a bias step 

and shows the values of the two parameters at the time of the biasing. 

As can be seen, the PASP Plus experiment filled in most of the voltage/ion flux and 

voltage/cell temperature parameter spaces for all modules. At voltages between -75V and 

-150V, there is data mainly at only the high and low temperatures, corresponding to near 

steady state in sunlight and eclipse, since limited biasing was down at the low voltages, and 

was done in the early portion of the experiment when biasing was not done during transition 

between sunlight and eclipse. The APSA module 5 and the Space Station WTC module 

3 has a more sparsely filled in voltage/cell temperature space than the other cells. Both 

of these arrays were mounted over cut-outs on the deployed panel, which resulted in very 

fast rise/drop times for the temperatures as the spacecraft went into and out of sunlight. 

Therefore, these cells spent less time at the intermediate temperatures, and thus had fewer 

data points in this regime. 

The ion flux/cell temperature spaces are also fairly well filled in for most cells, again 

with the exceptions of the APSA module 5 and the Space Station WTC module 3. Prom 

Fig. 89c, the heating of the spacecraft with time is evident. Horizontal bands of data points 

are seen at the high temperatures, corresponding to the distinct sets of days when negative 

biasing was done (94234-94246, 94290-94308, and 95062-95108). 
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